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PREFACE 


TO THE SECOND EDITION 


My experience in presenting the elements of practical 
astronomy to rather large classes of students in the 
University of Michigan led me to the conclusion that 
the extensive treatises on the subject could not be used 
satisfactorily, except in vspecial cases. Brief lecture notes 


were employed in preference. Arrangements were made 
with a local publisher that the notes should be written 
out in full and printed, almost exclusively it was sup- 
posed, for use in my own classes. The process of en- 
largement had just begun when the call to my present 


position was accepted. The completion of the manu- 
script in tlie midst of new and pressing duties was 

details of the treat- 
ment lacked tlie harmony whicli. can come only from a 








Bret edition has been used in a great many colleges and 
universities whose astronomical departments are of the 

This is my reason for carefully revis- 




work carried on in our astronomical observatories. 


V 


It 



-VI 
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includes the photographic charting of the stars, the spec- 
troscopic determination of stellar motions, the determi- 
nation of solar parallax from heliometer observations of 
the asteroids, the construction of empirical formulae and 
tables for computing atmospheric refraction, and scores 
of other operations of equally high character. These, 
however, can best, be described as special problems, re- 
quiring prolonged efforts on the part of professional 
astronomers ; in fact, the solution of a single problem 
often severely taxes the combined resources of a number 
of leading observatories. While it is evident that a 
discussion of the methods employed in solving sx^ecial 
problems must be looked for in special treatises and in 
the journals, yet these methods are all developed from 
the elements of astronomy, of physics, and of the other 
related sciences. It is intended that this book shall 
contain the elements of practical astronomy, with numer- 
ous applications to the x^roblems first requiring solution. 

It is believed that the methods of observing emx)loyed 
are illustrations of the best modern practice. The 
methods of reduction are intended to be exact to the 
extent that none of the value and precision of the obser- 
vations will be sacrificed in the computations ; further 
refinement would be superfluous, and misleading to the 
inexperienced. The demonstrations are direct and fun- 
damental, except in the case of refraction. The scien- 
tific basis of the subject of refraction is largely physical, 
and the astronomical superstructure is almost wholly 
empirical. For these reasons, the proper proportions of 
the subject with reference to the rest of the book seem 
to be preserved by the insertion of the final formulae. 
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Aa attempt has been made to give credit for methods 
which have not yet found their way into general practice. 

The illustrations of modern instruments are from cuts 
kindly furnished by the makers, viz.: those for Fig- 
ures 15, 20, 21 and 24 by Fauth & Co., Washington ; 
those for Figures 14, 17 and 26 by C. L. Berger & 
Sons, Boston; that for Figure 10 by the Keuffel & 
Esser Co., New York ; and that for Figure 27 by War- 
ner & Swasey, Cleveland. Figure 25, of a Kepsold 
meridian circle, is copied with permission from Baron 
A. V. Schweiger-Lerchenfeld’s Atlas der Himmekhunde 
(Vienna). 

The author is indebted to his colleagues. Professors 
Schaeberle, Tucker and Hussey, and Mr. Perrine, for 
valuable suggestions and assistance. 

W. W. CAMPBELL. 

Lick Obseevatort, 

UNIVSESITY Olf Calieoenia, 

Jauuaty, 1899. 
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PRACTICAL ASTRONOMY 


CHAPTER I 

DEFINITIONS — SYSTEMS OF COORDINATES— TRANS 

FORMATION OF COORDINATES 


1 , The lieavenly bodies appear to us as if they were 
situated on the surface of a sphere of indefinitely great 
radius, whose center is at the point of obseryation. Their 
directions from us are constantly changing. They all 
appear to move from east to west at such a rate as to 
make one complete revolution in about twenty-four hours. 
This is due to the diurnal rotation of the earth. The sun 
appears to move eastward among tlie stars at such, a rate 
as to make one revolution per year. This is caused by 
the annual revolution of the earth around the sun. The 
moon and the various planets have motions characteristic 
of the orbits which they describe. Measurements with 
instruments of precision enable us to detect other motions 
which, we shall see later, are conveniently divided into 
two classes : those due to parallax, refraction, and diurnal 
aberration, which depend upon the observer’s geograplii- 
cal position; and those dxxe to preceHsion, nutation, annual 
aberration, and proper motion, which are independont of 
the observer’s position. 

From data furnished by systematic observations it has 
been shown that these motions occur in accordance with 
well-defined j)hysical laws. It is therefore x)osBiblo to 
compute the position of a celestial object for any given 

B 1 
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instant, A table giving at equal intervals of time the 
places of a body as affected by the second class of motions 


mentioned above, is called an ephemeris of the body. The 
astrononiical annuals furnish accurate ephemerides of 
the principal celestial objects several years in advance. 
If an observer knows his position on the earth, he can, 
from data furnished by the ephemerides, compute the 
direction of a star f at any instant. Conversely, by 
■ ohnerving the directions of the stars with suitable instru- 
ments, he can determine the time and his geographical 
position. It is with this converse problem that we are 
principally concerned. 


DEFINITIONS 

2. The sphere on whose surface the stars appear to be 
situated is called the celestial sphere. Any plane passing 
through the j)oint of observation cuts the celestial sphere 
in a great circle. Since the radius is indefinitely great, 
all parallel planes whose distances apart are finite cut the 
sphere in the same great circle. 

In order to determine the position of a point on the 
sphere and express the relation existing between two or 
more points, the circles, lines, pohits and terms defined 
below are in current use. 

The horizon is the great circle of the sphere whose plane 
passes through the point of observation and is perpen- 
dicular to the plumb-line. 

The produced j)l’Limb-line, or vertical line, cuts the 
sphere above in the zenith and below in the nadir. The 

^ Tlio princi|ptil annuals aro tlie jivnGTicati ]S2'>1iG')7ievis nnd Nciuticdl 
Almanac, tlie Berliner Astronomisches tTahrhuch, the (British) Nautical 
Almanac, and the Gonnaissance des Temps, Unless otherwise specified, 
we sliall refer to the first of these, and call it the American Ephemeris, 
or the Ephemeris. 

t For convenience we shall irse star, point or body to denote any 
celestial object. 
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zenith and nadir are the poles of the horizon, and all great 
circles passing throngh them are called vertical circles. 

The points of the horizon directly south, west, north 
and east of the observer are called, respectively, the south, 
■west, north and east points. 

The meridian is the vertical circle which passes through 
the soutli and north points. 

The prime vertical is the vertical circle which passes 
througli the east and west points. 

The altitude of a point is its distance from the horizon, 
measured on the vertical circle passing through the point. 
Distances above the horizon are + ; heloio^ — . The alti- 
tudes of all points on the spliei’c are included between 
0° and 4- 90°, and 0° and — 90°. Instead of the alti- 
tude, it is frerpiently convenient to use the zenith distance, 
which is the distance of the point from the zenith, meas- 
ured on the vertictd circle of tlie point. It is the com- 
plement of the altitude. The zenith distances of all 
points on tlio sphere lie between 0° and -h 180°. 

The azimuth of a point is the arc of tlio horizon inter- 
cepted between the vertical circle of the point and some 
fixed jioint assumed as origin. With astronomers it is 
customary to reckon azimuth from the south point around 
to tlie west througli 360°. Surveyors frequently reckon 
from the north point. 

The celestial equator is the great circle of tlie sphere 
whose plane is perpendicular to tlie earth’s axis. It 
therefore coincides with or is parallel to tlie terrestrial 
equator. 

Tlie earth’s axis jiroducod is the axis of the celestial 
sphere. It c/uts the sphere in tlie north ami sontli poles 
of tlie e(inator. We sliall for lirevity call them the north 
and south poles. 

All great eircles passing throngh the nortli and south 
jioles are ealh^d hour circles, dhie hour circle passing 
througli tlie zenith coincides with the meridian. 
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The declination of a point is its distance from the 
equator, measured on the hour circle passing through the 
point. Distances north are + ; souths — . The declina- 
tions of all points on the sphere are included between 
0° and + 90°, and 0° and ^ 90°. 

Instead of the declination, it is sometimes convenient 
to use the north polar distance, which is the distance of 
a point from the north pole, measured on the hour circle 
of the point. It is therefore the complement of the 
declination. The north polar distances of all ]Doints lie 
between 0° and -b 180°. 

The hour angle of a point is the arc of the equator 
intercepted between the meridian, or south point of the 
equator, and the hour circle passing through the point. 
In practice, however, it is customary to consider the hour 
angle as the equivalent angle at the north i^ole between 
the meridian and hour circle. It is reckoned from the 
meridian around to the west through 24 hours, or 360°. 

The ecliptic is the great circle of the sphere formed by 
the plane of the earth’s orbit; or, it is the great circle 
described by the apparent annual motion of the sun. It 
intersects the equator in two points called the equinoxes. 

The vernal equinox is that point through which the 
sun appears to pass in going from the south to the nortli 
side of the equator (about March 20). 

The autumnal equinox is that point through which tlici 
sun appears to pass in going from the north to the south 
side of the equator (about Sejot. 22). 

The solstices are the points of the ecliptic 90° from 
the equinoxes. The sun is in the summer solstice about 
June 21 ; in the winter solstice about Dec. 21. 

The equinoctial colure is the hour circle passing through 
the equinoxes. The solstitial colure is the hour circle 
passing through the solstices. 

The angle between the equator and ecliptic is called tlio 
obliquity of the ecliptic. 
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The right ascension of a point is the arc of the celestial 
equator intercepted between the vernal equinox and the . 
hour circle of the point. It is measured from the vernal 
equinox toward the east througlr24 hours, or 360°. 

TI le sidereal time at any point of observation is equal to 
the right ascension of the observer’s meridian. It is like- 
wise equal to the hour angle of the vernal equinox. 

Great circles i^erpendicular to the ecliptic are called 
latitude circles. 

The latitude of a point is its distance from the ecliptic, 
measured on the latitude circle passing through the point. 
Distances north are 4- ; souths — . The latitudes of all 
points on the sphere are included between 0° and -h 90°, 
and 0° and — 90°. 

The longitude of a point is the arc of the ecliptic inter- 
cepted between the vernal equinox and the latitude circle 
of the point. It is measured from the vernal equinox 
' toward the east through 360°. 

The position of an observer on the earth’s surface is 
defined by his geograjdiical latitude and longitude. 

Tl ic geographical latitude of a place is the declination of 
the zenith of the place. It i.s also equal to the altitude of 
tlic nortli pole. Latitudes of places north of the equator 
are -f- ; s^oiith^ — . 

The geographical longitude of a place is the arc of the 
equator intercepted between the meridian of the place and 
the meridian of some otlier place assumed as origin. It is 
customary to reckon longitudes went (•+-) and emt ( — ) 
from the meridian of Greenwicli, tlirough 12 liours, or 




Idle pree-eding definitions are illustrated by Fig. 1. 
^Tbe celestial Hj_)h 0 ro is orthogonally ])rojected on the 
I plane of tlie horizon, S WJVJi!. Tlie zenith is projected 
|;on the point of ol)servation, JSfZS m the meridian ; JEZ W 
the prime vertical; WV^QB the equator; VLBV’ the 
i(i ; B the north iKile't the north i)ole of the 


'm 
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ecliptic ; V" the vernal equinox ; the autumnal equi- 
nox ; VjP the equinoctial colure ; CPP^ the solstitial 
colure; JBO — JPJP^ — BVO^ — obliquity of the ecliptic. 

Let O be any j)oint on the s^Dhere ; then ZOA is its 
vertical circle; MOB its hour circle; LOP' its latitude 
circle. The x^osition of the x>obit O is defined by the 
following arcs, called spherical coordinates : 


N 



Fig. 1 


AO = Altitude, 7i, 

ZO = Zenith distance, 

(SA = SZA — Azimuth, d, 

AIO — Declination, S, 

PO ~ hTorth X)olar distance, P, 

QM = QPM = Hour angle, t, 

VM = Right ascension, a, 

VQ ^ VP Sidereal time, 0, 

LO = Latitude, y8, 

VL = Longitude, A, 

PP' =z JiVC = Obliquity of the eclix'tic, c. 

* T'o be exact, we should say that the angle PVO w measured hy the 
arc PG and by the arc PP ^ ; but in the operations of practical astrononiy 
the distinction is seldom made. 
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3. It will be observed that the horizon, equator and 
ecliptic are of fundamental importance. They are called 
primary circles. Vertical circles, hour circles and lati- 
tude circles, which are respectively perpendicular to them, 
are called secondary circles. Two sj)herical coordinates, 
one measured on a primary circle, the other on its sec- 
ondary, are necessary and sufficient to determine com- 
pletely the direction of a point ; and from the definitions 
just given, to meet the requirements of astronomical work, 
we formulate four 


SYSTEMS OE COOBDINATES 


ClttCMSS OF IIkfbrunck 

C001U>1NA'J’JI38 

System 

Primary 

Secondary 

Primary 

Secondary 

I 

Horizon 

Vertica.I circle 

Azimuth 

Altitudti 

11 

Equator 

Hour circle 

Hour augio 

Declination 

III 

Equator 

Hour circle 

Right ascension 

Declination 

IV 

Ecliptic 

Latitiulc circle 

Longitude 

I.(atitude 


The altitude, azimuth and hour angle of a star arc con- 
tinually changing. They are functioiiB of tlui tirncj and 
the observer’s position. Hence they are adairted to the 
determinations of time, azimutli and geograj)hic{il latitude 
and longitmle. Riglit ascension and declination are nearly 
independent of the observer’s position, and vary with, the 
time. They are lax'gely naed for recording tlie relative 
positions of stars, and in ephenierid.es. I^atitude and 
longitude are also nearly iiidexiendcnt of the olisorver’s 
position, but are employed almost exclusively in theoreti- 
cal astronomy. 

In the solution of many xiroblems of practicuxl astron- 
omy, it is required that the coiirdinates of a x^oint in one 
system be transformed into the corresponding coordinates 
in another system. 
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TRANSFORMATION' OF COORDINATES 

4. O^iv 671 the altitude and azimuth of a star^ required its 
decilvtiatio'n and Jiout' angle. 

TJiis transformation is effected by solving tlie splierical 
triangle PZO^ Big. 1, whose vertices are at the pole, the 
wta;i*, and the zenith. Three parts of this triangle are 
known : ZO the zenith distance or complement of the 
given altitude, PZO the siiiiplement of the given azimuth, 
iind PZ the comt>lement of the given latitude; from which, 
hy the methods of Spherical Trigonometry, we can lind 
PO the complement of the required declination, and ZPO 
tlie required hour angle. 

Tfor any spherical triangle ABC we have [Qhauvenef s 
JSph. Trig.^ § 114] the general equations 

cos a = cosh cos c + sin b sin c cos A, (1) 

sin a cos B = cos b sin c — sinb cos c cos A, (2) 

sin a sin B = sin b sin A. ' (.-i) 

To adapt these equations to the triangle POZ, let 

A PZO - A, 2i=zP0 =90°-S, 

h =^Z0 = 90° B = ZPO = t 

c = PZ = 90° — <f). 

Tlien (1), (2) and (3) become 

sin S = sin 7^ sin gS — cos /i cos 0 cos -4, (4) 

cos 8 cos i = sin li cos <f> + cos A sin <;& cos A , (5) 

cos S sin t = cos Ji sin A, (6) 

wliicli enable us|to find 3 and t. 

If h be r^;^laced by its equivalent, 90° — z, these 

become 

sin 0 — cos z sin <;6 — sin z cos <f> cos A , (7) 

cos S cos t — cos z cos ^ H- sin z sin ^ cos A , f 8) 

cos 8 sin t = sin z sin A . w 

These equations are not adaxDted to logarithmic compu- 
t.ations (^unless addition and subtraction logarithmic tables 
are employed), and they will be further transformed. 
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Let m be a positive abstract quantity, and M an angle 
such that 

m sin M. =■ sin s cos A, (10) 

m cos 31 ~ cos 2 :, (11) 

which conditions may always be satisfied \^Ohauvenet^s 
Plane Trig.^ § 174]. Substituting these in (7), (8) and 
(^9), they become 

sin B = m sin (<l> — 
cos S cos t = 7n cos — M ), 
cos S sill t = sin z sin A . 


From these arid (10) and (11) there result 

tan 31 — tan z cos A, 
tan /I sin 3fl 


tan t 
tan S 


( 12 ) 

(13) 

(14) 


cos (<jb — 31') 

— tan (^ — ikf) cos 

which completely effect the transformation. The com- 
putations are partially checked by (9). 

The quadrant of iff is determined by (10) and (11). 
t is greater or less than 180° according as A. is greater or 
less than 180°, since lioth terminate on the same side of 
the meridian. The quadrant of B is fixed by (14). 

.Exam, pie. At Ann Arbor, 1891 March 13 the altitude 
of Regulus is H- 32° 10' 16". 4, and the azimuth is »288° 
5' ()".4. h''ind the declination and hour angle. [For 
instructions in the art of computing, see Apj^endix A.] 


sec (c/> 


<f> -i“ 

42® KV 48'^() (A 

inor. Ephem., p. 

482) 

Z 

57 40 44 .6 

tan(<^ - 31) 

0.616014 

A, 

283 .5 0 .4 

cos t 

9.728805 

tan z 

().201}}31 

S ■4-12'’ 20' 66' 

cos d 

0.35)4873 



3f 

10'’ 47' 40".! 

1 

’roof 

<f> 

42 1(5 48 .0 

sin z 

0.027608 

tan A. 

().<533702„ 

sin A 

0.088676„ 

sin 

0.5)20753 

cos 00 i 

0.073401„ 

m) 

0.034330 

see 8 

0.010417 

tan t 

0..107704„ 

log 1 

0.000001 

t 

302” 22' 5>4".0 



t 

20'^ 0’'‘ 31« .6 
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5. G-iven the declination and hour angle of a star^ required 
its azimuth and zenith distance. 

In tlie general equations (1), (2) and (8) let 

b = 90° - S, c = 90° - A = t, 

B=180°-^l, a = ;s; 

% 

and they become 

cos z — sin S sin cfi + cos 8 cos cf> cos t, (IS) 

sin z cos A = — sin 8 cos + cos 8 sin ^ cos t, (I^) 

sin z sin A = cos 8 sin t. (17) 


To transform them for logarithmic computation, put 


Whence 


n sin N ■■ 

= sin 8, 

n cos N' 

= cos 8 cos t. 

tan iV 

_ tan 8 


cos t ’ 

tan A 

_ tan t cos N 

“sin (c^ - Ny 

tan z 

_ tan (4* — N') 

■■ ■ ■ ^ ' "j 

cos A 


(18) 

(19) 

( 20 ) 

( 21 ) 

( 22 ) 


“which e:ffect the transformation. (17) furnishes a partial 
check on the computations. 


JEccample. At Ann Arbor, 1891 March 13, when the 
hour angle of Regulus is 20^ 9”^ 31^.6, what are the azimuth 
and zenith distance ? 


8 + 12° 29'' 56".4 (Amer. Ephem., p. 332) 


t 302 22 54 .0 
tan 8 9.345719 

cos £ 9.728805 

N 22° 29' 7".9 

4i 42 16 48 .0 

tan i 0.197794„ 
cosiV 9.965661 
cosec (< 3 £> — AT) 0.470247 

tan A 0.633702„ 

A 283° 5' 6".4 


tan (0 - N) 9.566204 
cos A 9.354873 
2 57° 49' 44".6 
Proof 
cos 8 9.989683 
sin t 9.92(3599n 
cosec A 0.011425„ 
cosec 2 ! 0.072392 

log 1 9.999999 
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6. The angle POZ^ %• 3.> between the hour and vertical 
circles of a star, is called the star’s parallactic angle. Let 
q rex^resent it. 

To find the parallactic angle when -<4., and <j£) are given, 
we have, from (1), (2) and (3), 


Assume 


and we obtain 


ip — sin a cos <j!> cos A, 

(23) 

cfi 4- cos z cos cf> cos A, 

(24) 


(25) 

sin cf), 

(26) 

cos cf> cos A, 

(27) 

tan cfi 
cos a’ 

(28) 

tan A cos K 
• 

cos (AT — 2 ) 

(29) 


tan q 


The quadrant of q is determined by (25) and (29). 

To find the x:)arallactic angle and zenith distance when 
5, % and are given, we have, from (1), (2) and (3), 



cos z = sin 8 sin cfi + cos 8 cos cf> cos 

(SiO) 

sin 

z cos q — cos 8 sin <j£> — sin 8 cos ^ cos t, 

(81) 

sin 

z sin q — sin i cos c/>. 

(32) 

Assume 

1 sin L = cos ^ cos t, 

(83) 


1 cos L ~ sin c/), 

CO 

and we obtain 

tan L = cot cos <, 

(85) 


X „ _ tan t sin L 

tan Q ^ — , 

cos ( 8 + A) 

(36) 


tanj; 

(87) 


COS q 


ITie comx)utations may be x^artially checked by (32) . 

The values of q obtained from tlie data of § 4 and § 5 
are equal to each other, and to 312° 25^ 33 '^5. 
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7. Griven the declination and zenith distance of a star^ 
required its hour angle. 

If a, b and c are the sides and A an ang'le of a splierical 
triangle, we have \_Ohau'ueneV s Sph, Tr 


tan i A = Jsin (a - b) aiu (s - c> 

\ sin s sin (s — a) 


in which s == J(a -f b + c). If in this we substitute from 
triangle (9^ 

A = jf, a = s, b = 90° — S, c = 90° — </>, 
it reduces to 

tan i i = ±- 4 . [g + (<^ — §)] sin ^ [g — (<j^ — 5)] 

\ cos i- lz + (<f,-\- S)] cos i Is - ((/> + S)] ‘ 

Similarly, it can be shown that 


sm i i = ± 


V 


sin -I [s -f sill I ~ — 8} 3 

cos cos S 




To determine the quadrant of t it must appear from tlie 
data of the problem whether the star is west or east of the 
meridian. If it is west, 1 is in the first quadrant ; if east, 
J ^ is in the second. Applications of formula (38) may be 
found in §§81 and 82. 


8. G-iven the hour angle of a star, required its right 
ascension., and vice versa; the sidereal time in hoth cases 
being hnown. 

In Fig. 1, for any star O we have 


Then 

and 


VM = right ascension of star = a, 
MQ = hour angle of star == 

VQ, ~ sidereal time = 0. 

a = 6 ■— 

t — 0 — a, 


which effect the transformations. 


(40) 

(41) 
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Applications of (40} and (41) are nnmerous throughout 
the book. 

9. G-iven the right ascension and declination of a star^ 
required its longitude and latitude, and vice versa. 

'J'he transformation formiilre are obtained by ap]plying 
the general eq^uations (1), (2) and (3) to the triangle 
JP OP' y Fig. 1, in which ' 

OP = 00° - B, OP' = 90° - y8, OPP' = 90° + a, 

OP'P = 00° - X, PP' = obliquity of eclii^tic = €. 

In order to adapt the resulting equations to logarithmic 
computation, assume 

/ sin F = sin 8, (42) 

f cos F = cos 8 sin a, 

and we shall obtain 

tail 8 


tan F 


sin a 


tan X = 

COS P 

tan (i = tan (P — e) sin X. 


(44) 

(45) 
(40) 


The computations may be partially checked by the 
equation 

cos 8 sin a sec F cos (P -- <) cosec X sec (B ~1, (47) 

which is derived without difficulty from the transforma- 
tion formula). 

Pxample. The coordinates of Peguhis on 1891 March 

13 Oil*© 

a = 150° 38' 43". 5, 8 = + 12° 29' 56". 4. 

What are the corresponding longitude and latitude ? 

The necessary value of c, furnished by the American 
Ephemeris, page 278, is 28® 27' 16". 0. The resulting 
coordinates are 

X = 148° 19' 3". 1, ^ + 0° 27' 40".5. 
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10. Gfiven the right asoensions and deidlnatlona of tivo 
stains, required the distanee between them. 

Let the coordinates of the stars be a', S', and S'h 
and d the required distance. In the s|)h{?ri(^al triiiiiiifUi 
whose vertices are at the two stars and the poh;, the side.s 
are 90° — S', 90° -■ S" and c?, and tlia angle at tlu^ i>ol(‘ i.s 
— Let j&' represent the angle opposite 90° - Sh 
If in (1), (2) and (8) we put 


a = ^Z, B = b = 


0 


S', c 90° •“ S°, A " 




they become 

cos d = sin 8' sin S" + cos S' oos S" cos (a" - a'), (‘h'^) 

sin d cos B' = sin S' cos S" — cos S' siu S" cos (a" a'), (10) 

sin d sin B' = cos S' sin (a" — a'). (be) 

If d can be determined from its cosine with Huffichnit 
precision, (48) will give the required distance; otherwise 
it should be determined from the tangent. If we assimio 

g sin G — cos S' com (a" — «'), (bl ) 

g cos = sin S', (5:2) 


we shall find that 


tan G 
tan B' 

tan d 


cot 8' cos (a" - a')i 
tan (a" a') sin G 




COS (S" + G) 
cot (8" + G) 


COS B' 


(50) furnishes a partial check on t 
An application of these formula 
75, (c). 


‘X 

/ X7 



( 51 ) 

i>0) 

at ions, 
be found in 



CHAPTER II 


TIME 


11. Tlie passage of any point of the celestial sphere 
across tlie meridian of an obseryer is called the transit, or 
culmination, or meridian passage of that point. In one 
rotation of the sphere about its axis, every point of the 
sphere is twice on the meridian; once at upper culmina- 
tion (above the pole), and once at lower culmination 
(below the pole). For an observer in the northern hemi- 
sphere, a star whose north polar distance is less than the 
latitude is constantly above the horizon, and both culmi- 
nations are visible; a star whose south polar distance is 
less than the latitude is constantly below the horizon, and 
both culminations are invisible; and a star between these 
limits is visible at upper culmination, but invisible at the 
lower. Ifor an observer in the southern hemisphere the 
first two cases are reversed. 

Three systems of time are required in the operations of 
practical astronomy: sidereal, apparent (or true) solar and 
mean solar. 

A sidereal day is the interval of time between two suc- 
cessive transits of the true vernal equinox over the same 
meridian. The sidereal time at any instant is the hour 
angle of the vernal equinox at that instant. It is O'* 0^** 0* 
when the vernal equinox is on the meridian — this instant 
is called sidereal noon — and i§ reckoned through 24 hours. 
The sidereal time is also equal to the right ascension of 
the observer’s meridian, since the right ascension of the 
meridian is equal to the hour angle of the vernal equinox. 

16 
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It follows, then, that any star will be at upper culmina- 
tion at the instant when the sidereal time is equal to the 
star’s right ascension; and at lower culmination when the 
sidereal time differs 12 hours from the star’s right ascen- 
sion. The rotation of the earth on its axis is perfectly 
uniform; but owing to precession and nutation the vernal 
equinox has a minute and irregular motion to the west 
(amounting on the average to 0^M26 per day): so that a 
sidereal day does not correspond exactly to one rotation of 
the earth, nor is its length absolutely uniform, but it is 
sensibly so. 

An apparent (or true) solar day is tlie interval of time 
between two successive upper transits of the sun over the 
same meridian. The hour angle of the sun at any instant 
is the apparent time at that instant. It is reckoned from 
Q/i Qm 0^ at noon — called apparent noon — through 24 
hours. But the apparent day varies greatly in length, 
for two reasons, viz. : 

First, — The earth moves in an ellipse with a variable 
velocity. Hence the sun’s (apparent) eastward motion 
(in longitude) is variable. 

Second, — The sun’s (apparent) motion is in the ecliptic. 

Plence the sun’s motion in right ascension and hour 
angle is variable, and a clock cannot be rated to keep 
apparent time. 

A convenient solar time is obtained in this way : 
Assume an imaginary body to move in the ecliptic with 
a uniform angular velocity such that it and the sun 
through perigee at the same instant. Assume a second 
imaginary body to move in the equator with a uniform, 
angular velocity such that the two will pass through the 
vernal equinox at the same instant. The second body is 
called the mean sun. 

A mean solar day is the interval of time between two 
successive upper transits of the mean sun over the same 
meridian. The hour angle of the mean sun is the mean 
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time. It is reckoned from at noon — called mean 

noon — througli 24 hours. 

The difference between the apparent and mean time is 
called the equation of time. Its value is given in the 
American Ephemeris for the instants of Greenwich appar- 
ent and mean noon and Washington apparent noon, 
whence its value may be obtained for any other instant 
by interpolation. 

The astronomical solar day begins at noon, whei'eas the 
day popularly used — called the civil day — begins at (^the 
preceding) midnight. Thus, Feb. 1, A.M., civil reck- 

oning, is Jan. 3T^22'* astronomical mean time. 


12. The interval of time between two successive pas-' 
sages of the mean sun through the mean vernal equinox 
— called a tropical year — was for the year 1800, accord- 
ing to Bessel, 366.24222 * mean solar days. 

The number of sidereal days in this interval is 366.24222, 
since in that interval of time the mean sun moves eastward 
through about 360°, and therefore the vernal equinox dur- 
ing the year makes one more transit over any given merid- 
ian than the sun. Thus we have 


Whence 


53(55. 241222 mean days = 36(1.24:222 aideveal days. 

2# mean time = 2T 53«‘ 5(5*. 555 sidereal time, 
24^* sidereal time 5= 23 56 4.051 mean time. 


From these equations it is found that the gain of side- 
real time on mean time'- in one mean hour is IF. 8565; and 
in one sidereal hour, I)-''. 8296. These are the amounts by 
which the right ascension of the mean sun increases in one 
mean and one sidereal hour, respectively. 

^ Tlie Icuigth of the tropical year ie dimhuBliing at tht^ rate of al)oat 0».6 
per century. Tdiis is due to ilio fact that the moan vernal oqirinox ia 
moving ■westward, at atx accelerated rate, as will he seen later, from the 
last of equations (120). 
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CONVEESION OP TIME 

13, In nearly every problem of practical astronomy it 
is necessary to convert tlie time at one place into the cor- 
responding time at another place, or to convert the time 
in one system into the corresponding time in another sys- 
tem. By means of the data furnished in the Ephemeris 
this is readily done. 

14. To convert the time at one place into the correspond- 
ing time at another. 

Since every epoch of time is defined by an hour angle, 
the difference of time at two places is the difference of 
the two corresponding hour angles ; and that is equal to 
the difference of the longitudes of the two places. There- 
fore, if the difference of longitude be added to the time at 
the western place the sum is the corresponding time at 
the eastern. If it be subtracted from the time at the east- 
ern place the result is the time at the western. 

JExample 1 . The Ann Arbor mean time is 1891 March 
10^ 2V'' 10”* 6T.70. What is the corresponding Greenwich 
mean time ? 

Ann Arbor mean time, 1891 March 10^ 21^ 10”' 54* .70 

Longitude Ann Arbor, Amer. Ephem., p. 482, 4- 5 34 55 .14 

{Greenwich mean time 1891 March 11 2 45 49 .84 

JExample 2. The Washington sidereal time is O'* 2eS”* 
17®. 10. What is the corresponding Ann Arbor sidereal 
time ? 

Washington sidereal. time, O'* 23”* 17*. 10 

Difference of longitude, Amer. Ephem., p. 482, 0 26 43 .10 

Ann Arbor sidereal time, 23 56 34 .00 

JExample 8. The Ann Arbor apparent time is 1891 
March 20*^ 21'* 58”* 19®. 17. What is the Berlin apparent 
time at the same instant ? 

Ann Arbor apparent time, 1891 March 20** 21^* 58”* 19”. 17 

Difference of longitude, 6 28 30 .05 

Berlin apparent time, 1891 March 21 4 26 49 .22 
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15. To coin/oert apparent time at any place into mean 
time^ and vice versa. 

The equation of time at the given instant is required. 
When this is applied with the proper sign to the one, it 
gives the other. If apparent time is given, convert it into 
Greenwich apparent time, and take the equation of time 
from page I of the given month in the Ephemeris. If 
mean time is given, convert it into Greenwich mean time, 
and take the equation of time from page II of the month. 

In taking these and other data from the Ephemeris, 
care must be exercised in making the interpolations. 
Thus, let it be reciuired to determine the equation of time 
at Greenwich apparent time 1891 Feb. 24^ 10''*. Its value 
for apparent noon is -j- IS”* 25®. 52, and the difference for 
one hour at noon of that day is 0®.381. The difference 
for one hour at noon the next day is 0®.406. The hourly 
difference is therefore variable, but we may assume the 
second difference to be constant. The change in the equa- 
tion during the 10 hours after noon is ten times the average 
hourly change for the 10 hours ; that is, since the second 
difference is constant, ten times the hourly change at the 
middle period., or at 5 hours after noon. The average 
hourly cliauge is 0®.386, and the desired equation of time is 

+ 25».rr2 - 10 X o«.;}86 = + 

.Example. The Berlin mean time is 1891 Feb. 28*^ 0^* 
IT** 20®. 60. What is the apparent time ? 

Berlin mean time, 1891 Feb. 28<* O'* ll*'^ 20«.60 

Longitude Berlin, — 0 53 31 .91 

Greenwich niean time, Feb. 27 23 18 

This is 23^*. 30 after Gr. mean noon Feb. 27, or 0*.70 
before noon Feb. 28. In this and similar cases the inter- 
polation should be made for the interval before noon. 

Equation of time, Gr. mean noon, Feb. 28, — 12”* '14®.52 

Change befoi'e noon, 0.70 x 0*.473, 0 .33 

Equation of time, — 12 44 .85 

Berlin apparent time, 1891 Feb. 27'*® 23* 58 35 .75 
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16. To convert a mean time interval into the equivalent 
sidereal interval^ and vice versa. 

Tn § 12 it is shown that sidereal time gains 9®. 8565 
on mean time in one mean hour. The corresponding 
gain for any number of hours, minutes, and seconds, is 
tabulated in Table III of the appendix to the American 
Ephemeris. If this gain be added to the mean time inter- 
val, the sum is the equivalent sidereal interval. 

The gain of sidereal time on mean time in one sidereal 
hour is 9®. 8296. The corresponding gain for any number 
of hours, minutes, and seconds, is tabulated in Table II 
of the appendix to the American Ephemeris. If this 
gain be subtracted from the sidereal interval, the diHer- 
ence is the equivalent mean time interval. 

Tlxamfle 1, A mean time interval is 11^* 33’'^ 21M6. 
Find the corresponding sidereal interval. 


Mean time interval, 

Gain of sidereal on mean, Table III, 
Sidereal interval, 


17ft sgw 21«.76 
2 53 .04- 
17 36 14 .80 


JSxample 2. A sidereal time interval is 17''^ 36’^ 14*. 80. 
Find the corresponding mean time interval. 


Sidereal interval, 

Gain of sidereal on mean, Table II, 
Mean time interval, 


17^‘ 36«» 14«80. 

2 .53.04 
17 33 21.76 


17, To convert mean time into sidereal time. 

Mean time at any instant is the interval after mean 
noon. If this interval be converted into the equivalent 
sidereal interval and added to the sidereal time at noon, 
the sum will be the sidereal time required. The sidereal 
time ‘at noon is equal to the right ascension of the mean 
sun at this instant. The Ephemeris gives on page II for 
the month the sidereal time, or the right ascension of the 
mean sun, at Greenwich mean noon, whence its right 
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ascension at noon for a place whose longitude is X may- 
be obtained by applying the term L x 9^8565,* from 
Table III of the appendix to the American Epheineris. 

Example. The Ann Arbor mean time is 1891 Feb. 20*^ 
11^* 45m 20'’.40. What is the equivalent sidereal time ? 


Right ascension mean snn at Gr. mean noon, Eeb. 20, 
Change in 5'* 34”* 55*. 14, Table III, 

Right ascension, or sid. time, at Ann Arbor mean noon, 
Mean time interval after noon, 

Gain of sidereal on mean time, Table III, 

Equivalent sidereal interval after noon. 

Sidereal time, 


22'* 0”* 31«.76 

0 55.02 

22 1 26 .77 

11 45 20.40 

1 55.87 
11 47 16.27 

9 48 43.04 


For An Arbor, and similarly for other stations, the 
quantity "X x IE.8566 == 55''‘.02 is a constant, and is held 
in mind by the computer. 

Likewise, the experienced comiiuter writes down the 
four necessary quantities and combines them all in one 
addition, thus : 

22'* 0”* 3R.75 
55 .02 
11 45 20.40 
1 55 .87 

9 48 43.04 


18. To convert sidereal time into mean time. 

If the sidereal time at the i‘)receding mean noon (formed 
as before) be subtracted from the given time, the result 
is the sidereal interval after mean noon. This interval 
converted into the equivalent mean time interval is the 
mean time desired. 

Example, On 1891 Feb. 20, the sidereal time at^^' 
Arbor is 9* 48"‘ 48*. 04. What is the mean time ? 








it must he remembered that for a station east of Green-wioh the 
(iimiitity L X 9*. 8665 is negative. 
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Right ascension mean sun at Gr. mean noon, Feb. 20, 22* O’” ;)l".7r) 
Change in 5* 55«.14, Table III, 0 55 .02 

Right ascension, or sid. time, at Ann Arbor mean noon, 22 1 20 .77* 

The given sidereal time, 9 40 .04 

Sidereal interval after mean moon, Feb. 20, 11 47 10 u2j7 

Gain of sidereal on mean time, Table IT, . 1 b.5 .87 

Ann Arbor mean time, Feb. 20*^ 11 45 2Q .40 

It should be noted that in the original statement of this 
example, the date 1891 Feb. 20 is the astronomical mean 
solar date. The observer should always record this date 
with care, especially in the case of observations taken near 
noon, as ambiguity may otherwise arise. It would be 
well in such cases, as indeed in all cases, to record also 
the civil day of the week.f Thus the statement “A d ay- 
light meteor was observed at Ann Arbor, 1891 Dee. 21, 
at sidereal time 18^ 2”^ 30^,” is ambiguous to the extent of 
one sidereal day, since on that solar day the sidei’eal time 
was twice equal to 18^ 2”^ 30^. The record may refer to a 
phenomenon observed jnst after noon of Monday or just 
before noon of Tuesday. If the record were written 
“ Monday, 1891 Dec. 20 ” there would be no uncertainty. 


^ This quantity is to be subtracted from the one directly following, 
t Inasmuch as one may easily record an erroneous day of tlio month, 
many observers have the admirable practice of heginniwj their records 
with the day of the week. Thus, “Wednesday, 1891 July 8” suilices for 
observations made on Wednesday afternoon, or for continmnisi observa- 
tions throughout Wednesday night ; but an isolated observation made 
the next morning may be headed, “Thursday morning, 1891 July 8.” 


CORRKCrnON OF OBiSEUVATIONB 
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19. The {)l)serve(l (UueetioiiH ol’ all betliciH in the Holar 

are BtuiHilRy diil'crent for oliBorverH at <liiT{U‘t‘,iit 
plaeoH on the eartlFw Burface, 'riioBe (lifferuiu’.oH niiiBt bcs 
allowed for before obHorvatioiiB made at differiviit pluet^H 
ean be compared. TIiIb Ib accomj»liHhe,d by redtuong’ a, 
obBervatimiB to the csenter of the earth, to wliitih poitit 
data of the K|)]iemeriB iHjfer. A knowledge of the form 
and size of tlio earth is therefore indiHpenHal)le. 

FURM AHV niMHNSIONH OF THE FAKTII 

*■ 

20. ( ieodetilt miuiBiirements, eombimid witli asia’onomieal 
ob.s(‘rvationH, have shown that tin*- ea.rth is v(n’y nearly ati i>b- 
hite Bphe.roid whost^ minor axis coimddes with tlH‘. jmlar a xis. 

IvCt QPQ ^ by an elliptuail scMdJon of tin*. Kpluu'oisl 
made l)y tlie meridian of an o!>stn'vm’ at 0 ; ,/l the eentt?r 
of tluj earth ; iVA' tins horizon ; and let 

tjr * 

/* tJrt ifi 


a rs HtnnoTnajor axis 
“ .-I (h 

h j-s Hcmbmiuor uxts 

tr ./I 

" " grograplneal latitud<5* of 0 


s geocentric latitude of () 





ij - rrt'fciutgtilnr tMiardinaUm of 
=- A (\ (*(l 



Fie. 2 
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From a discnssioii of all available observations, Bessel 
found 

a — 3962.802 miles, h = 3949.555 miles; 

and therefore, for the eccentricity of a meridional section, 

QPQ'P\ 

e = 0.0816967. 

21. Cf-iven the geographical latitude of a point on the 
eartlib 8 surface^ required the corresponding geocentric lati- 
tude. 

The equation of the ellipse (Fig. 2) is 


^4.yl 


1 . 


Differentiating, and substituting 

tan c{>' = 


tan <f> = 


dy 


X 


we obtain the desired relation 




tan cji' = — tan <jf> = (1 -- eD tan <}!>. 


a 


(57) 

can 


The reduction to the geocentric latitude, cji^ - 
be expressed in terms of qb. If the equation 

tan X — p tan ?/, 

which is identical in form with (57), be developed in 
series it becomes \^Ohauvenet'' s Plane Trig.^ § 254] 


in whicli 


X — y =■ q sin 2y sin 42/4- -i- s’* sin 6 i/ -+■ * * •, 


9 


P - 1 . 
p 1 


o-sving to tlie fact that the local irregularities of surface and of density "be- 
come appreciable. In such cases, the zenith determined "by the x)lumb- 
line will not coincide with the theoretical zenith. Consequently the 
latitude and longitude, determined astronomically, will differ from the 
latitude and longitude determined geodetically. The geodesist has to 
deal with both systems, but the astronomer uses only the former. 
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Substituting from (57} the values corresponding to ir, 
and and dividing by sin in order to express the 
result in seconds of arc, we obtain the practically rigorous 
formula 

= - 690'\65 sixx2<f} + 1".16 sin 4 <j>. (58) 


22. To find the I'adius of the earth for a given latitude. 

Substituting x — p cos and y = p sin in (56) and 
eliminating h by (57), we obtain 


a 


4 , 


cos 4> 


cos - <^0 cos </>' 

In using this equation make « = 1, since the equatorial 
radius is taken as the unit. 

The values of ip' — (p and of p for the positions of the 
principal observatories are given on pp. 482-485 of the 
American Epheineris for 1891. 

Formuhe (58) and (59) give the correct values of 
<p' — <p and p at sea level. It is evident that the alti- 
tude of the observer above sea level must be taken into 
account. The slight corrections thus rendered necessary 
may be computed from elementary jjrinciples of trigo- 
nometry. 


PABALTjAX 


23. The geocentric or true place of a star is that in 
which it would be seen by an observer at the center of the 
earth. The apparent^ or observed place is that in which 
it is seen by tlie observer on the surface of the earth. 
The parallax of a star is the difference between its true 
and iq^parent places. It rhay also be delined as the angle 
at the star subtended by the radius of the earth drawn to 
the point of observation. This angle is a):)proximately a 






* The terms irrie and apparent are \ised in a relative sense only. In 
reference to jjarallax, tlie true place is the x>laco corrected for parallax; 
In reference to refraction, the ai:)parent place is afEected by refraevtion, the 
time place is corrected for refraction ; and similarly in other subjects. 
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maximum for an observer at a given place when the star is 
seen in his horizon. It is then called the horizontal paral- 
lax. When the observer is at a place on the earth’s equator 
this angle is called the equatorial horizontal parallax. 


24. To find the equatorial horizontal parallax of a body. 

In Fig. 3 let be a body in 
the horizon of a point O on the 
earth’s equator. Then if 

a — equatorial radius of the earth 

= ^( 9 , 

A = body’s distance from the earth’s 
center = CS'^ 

TV — equatorial horizontal parallax 
= CS'0, 

a 



sin w = 


A 


( 60 ) 


The astronomical unit of distance is the mean distance 
of the earth from the sun. Using (60) with a and A 
expressed in terms of this unit, the American Fphemeris 
tabulates the values of tt for the moon [page IV of the 
month] and the planets [pp. 218—249] ; employing values 
of a and the earth’s mean distance from the sun such that 
the sun’s mean equatorial horizontal pai'allax is 8''. 848. 

Recent researches have shown that 8'^. 80 is probably a 
much more correct value of the sun’s mean equatorial 
horizontal parallax, and the superintendents of the pi'in- 
cipal astronomical annuals have agreed to use that value in 
computing ephemerides from about the year 1900. 


25. To find the parallax in zenith distance^ the earth 
being regarded as a sphere. 

In Fig. 3 let 

z* — apparent zenith distance of a star S = ZOS^ 
z — true zenith distance = ZCSf 
p = parallax in zenith distance = CSO = g' — 
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Then from the triangle OOS 


or 


sin p a . 

^ = T- = Sin TT, 
sin z £X 

sin p — sin tt sin z'. 

For all bodies except the moon we can write 

p — TT sin z'. 

For the sun we have, from (60), 

8^'.8 


TT 


and (62) becomes 


p = 


A ’ 
8 ". 8 ... 


A 


sin z' . 


(61) 

(62) 



The values of log A are tabulated in the Ephemeris, 
page III of the month. 

In the case of observations made with a sextant, sur- 
veyor’s transit, or other similar instrument, we may 
assume A equal to unity, and take the required value of p 
from the following table computed from 

p = 8". 8 sin z' : (64) 



1 — ” 

P 


P 

0° 

0'^0 

50° 

6'^7 

10 

1 ,5 

60 

7 .6 

20 

3 .0 

70 

8 .3 

30 . 

4: -4: 

80 

j 8 .7 

40 

5 .7 

90 

8 .8 


For refined observations (61) is not sufficiently exact, 
and recourse must be had to formulEC which consider the 
earth as a spheroid. 

JLm 

26 . 0-iven the true zenith distance and azimuth of a star^ 
required its apparent zenith distance and azimuth^ the earth 
being regarded as a spheroid. 
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Ijet tlie star be referred to a system of rectangular axes 
whose origin is at the point of observation, the positive 
axis of iK being directed to the south point, the positive 
axis of y to the west point and the positive axis of z to 
the zenith. Let 


A', Lt Z* = the rectangular coordinates of the star, 
A' = the star’s distance from the observer, 
A’ — its apparent azimuth, 
z' — its apparent zenith distance. 

Then 

Z.' — A' sin z' cos A', 

Y' — A' sin z’ sin A', 

Z' - A! cos z\ 


Again, let the star be referred to a second system of 
rectangular axes parallel to the first, the origin being at 
the center of the earth. Let 

Xy Z the rectangular coordinates of the star, 

A = the star’s distance from the origin, 

A = its true azimuth, 
z = its true zenith distance. 

Then 

X — A sin z cos A, 
y — A sin z sin A, 

Z A cos z. 


Let the coordinates of the point of observation referred 
to the second system be T'', . From L'ig. 2 it is 

seen that 


X" = p sin (<Jb - L" = 0, y" = p cos - <!>'')• 

Now 


"yr/ 

1 Ikiiillk 

X- 

- X", 

T = 


Y", 


= z - 

- Z", 

and therefore 









A' sin z' 

cos 

A' = 

A. sin 

z cos 

A - 

- p sin 


- 1 

A' sin s' 

sin 

A' = 

sm 

z sill 

u4. , 


* 

•• 

A' cos s' 


= 

A cos 

z 


- p cos 




( 65 ) 
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These equations completely determine A^ and and 
tlierefore the parallax z’ z and A' — A. It is better, 
however, to transform them so that the parallax can be 
computed directly. For this purpose, divide the equations 
through by A and put 


/ 




also substitute from (60), a being unity, 


SUlTT 


A’ 


and we have 


f sin z' cos A' 
f shi»' sill A' 

f GOS, 


z' 


sin z cos A — p sin tt sin (<j!> 
sin »sin A, 

cos Z — p siUTT cos 






From (66) and (67) we obtain 


/ sin z' sin (A' — A) ~ p sin tt sin (<^ — sin A, 
f sin z' cos (A' — A) = sin z — p sin tt sin (<^ — cos A 
Putting 

m — P ^iu TT sin (4> — <j^0 

(69) and (70) give 

tan (A' — A) 


sin 


m sin A 


m COB A 


( 66 ) 

(67) 

( 68 ) 


(70) 


(71) 


(72) 


Multiplying (69) by sin ^ (A’ — A) and (70) by 
cos (AL' — Al), adding the products and dividing by 
cos J (7l' — A.), we obtain 


/■ £ j_/\ COS 1 (A^ -f" A) 

/ Bill e' = Sin z — p sin tt sm(</> — <p') fvTT T \ ‘ 

'' ^ ^ cos|(A'— A) 


Let UB ass nine 


COB ^ 


tan y ~ tan (c^ — c/>') — 

' cos ■” ^ ) 

y sin z^ = ain z ~ p sin tt cos (<)S — <jS>) tan y. 


(73) 


(74) 


(75) 


This combined with (()6) gives 
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/sin (s' - s) = p ail, ^ ^ ^ j L(~ - V ) 

cos y * 

/cos (s' - s) = 1 - ^ sin TT cos {<f> - </,') (^ -- v) 


Assume 


and we have 


cos 


sill TT cos 


tan (s' 


f\ ™ ^jin (s — v') 

1 — n cos (s — y) 


( 71 )) 


^ () 


(7H) 


C7U) 


iormula3 (Tl) and (72) rig-orously .dekormine the par- 
aUax in azimuth, and (74), (78) an.,1 (7!)) the parallax in 

zenith distance. We may abbreviate the computation by 
writing (74) in the form 

y = (<jj> — eos A, (HO ) 

which is in all cases sufficient!/ exact. 

27. G-iven the apparent zenith distance and azimuth of a 

° y, 1 squired its true zenith distance and azimuth, the earth 
being regarded as a spheroid. 

Prom (68) and (75) ive obtain 


sin (s' 


sill TT cos 


►') sin ( s' 


cos y 


for jhich, since ^ and y are small angles, we oan 

sin (s' — s) = p sin -TT sin (s' — y), C^l ) 

in which y is given without sensible error by 

y ~ C4* ^0 cos -4'. 

We obtain from (66) and (67) 


sin (A' — A) = P tt sin 


•') sin A' 


sins 




Pomijt found by the solution of (81) . 

lem ^ C82), (81) and (83) completely solve the prob- 
lem. For all known bodies save the moon we may write 
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z' ~ z = pTT sill ( z' — y) , (84) 

A' ~~ x4. = pTT sin (<jb — sin A' cosecz'. (85) 

An application of tiie formulae of this section will be 
found in § 89, in the determination of longitude by lunar 
distances. 

28. To find the parallax of a hody in right ascension and 
declination. Let 


the body’s geocentric right ascension, 

declination, 
hour angle, 
distance, 

apparent right ascension, 
declination, 
hour angle, 
distance, 


a : 

s = 

/ : 

A : 
oJ : 

S' = 

t' : 

A' : 

B = the observer’s sidereal time. 


U 

ii 

ii 

a 

it 

it 

it 


it 

a 

it 

it 

it 

it 

it 


it 

it 

a 


ti 

n 

it 


By methods similar to those used in developing equa- 
tions we may obtain the correspond- 

ing equations, 


tan (a — 



p sin TT cos cf>' sin t 
cos 8 -- p sin TT cos <!>' cos 


-» 

t 


( 86 ) 


tan 


tan <f>' cos ^ (a — a') 
cos ^0 — J (^Cti Ol')J 


(87) 


tan (8 — 8') 


p sin TT sin ejE*' sin (y — S) 

« m t » ^ 


( 88 ) 


These rigorously determine the x^ttrallax in right ascen- 
sion, a — a’ , and the parallax in declination, 8 — • 8^, when 
the geocentric coordinates are the known quantities. If 
the apparent coordinates a', 8^ and t' have been obtained 
by observation, and a, 8 and t are unknown, we substitute 
<x', 8'' and t’ for a, 8 and t in the second members, and 
solve. The resulting approximate values of the parallax 
furnish nearly correct values of ct, 8 and t. Employing 
these in a second solution of the equations we shall obtain 
sufficiently exact values of the parallax. 
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39. For all known bodies except tlio moon the values 
of TT, a~ and S — S' will be very aniall, and wo may 
write (86)» (ST) and (88), without sensible error, in the 
form 


, 8",8 p co.s </i' ain i 

" A . coa S 


(80) 


tan y 


tan <^' 
cos t 


( 00 ) 


g g, _ 8" .8 p sill r/j' sin (y — 8) 

A > sin y 


( 01 ) 


\ ' - I 

in wliioli A is expressed in terms of the astronomical unit 
of distance. These foriniiloi will determine the parallax 
satisfaotorily also if t and B are replaced by t* and S', for 
which case an ajiplication of them will bo found in § 156. 

At the fixed observatories it is customary to construct 
tables which greatly facilitate the computation of paral- 
laxes. The equabifens (89) and (91) may bo wi’ittoii 


(a 

(S 



a') A = 8", 8 p cos (/>' sin sec 8', 

S') A — 8".8 p sin coscc y sin (y -- S'). 


( 02 ) 

(03) 


The second members of these equations are the jiarallaxos 
in right ascension and declination of an imaginary body at 
distance unity when observed, at a given station (/o, <J!)'), 
in the direction S'. They are called parallax factors. 
Their values are generally computed and tabulated, at a 
given observatory, for every 10'" of hour angle and every 
degree of declination. When a body is-bbservod at any 
hour angle and declination, the corrosponding parallax 
factors may be obtained by interpolation from the tables. 
The parallaxes, a — a' and 3 — S', may then bo determined 
by dividing the parallax factors by the distanoo A of the 
body, as will be seen from (92) and (93). An application 
of these formulse wll be found in § 164. 

REFBA OTION 

30. It is shown in Optics that when a I’ay of light 
passes oljliquely from one transparent medium into an- 
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otlioi' oi! greater density* it is refracted from its original 
diieotion according to tlie following laws ! 

(rt) The incident ray, tlie normal, to the surface which 
separates the two media at the ijoint of incidence, and the 
refracted ray, lie in the same plane. 

(/>) The sines of the angles of incidence and refraction 
are inversely as the indices of refraction of the two media. 

A ray of light coming from a star to an observer is 
ttsrtiiiuod to travel in a straight line until it reaches the 
ui)por. limit of the earth’s atinosidmre. It then passes 
coidinually from a rarer to a denser medium until it 
rcuchoa the earth’s surface. If we regard the earth as a 
ai)hore, it follows from (a) and ($) that the path of the 
ray is a curve whoso direction constantly ax)jiroaches the 
cantor of the earth. 

Loti Fig, 4 represent a section of the earth and its atm os- 
phei’o made hy a vertical idane 

liasaing through the iioiut of 
obsorvation 0 and a star S. 

Tim path of tlio rny, Sab. ,ti. ♦ 

0, lies -wholly in this idano aftd 
is concave towards the earth. 

The apparent direction of the 
star is a tangent to the 

cm’vo at the point of observa- 
tiou. The true direction is that 
of u straight line joining 0 
ami S, The differoiroo of these 
dii’ootions is the refraction. It 
appioars that refraction increases 
tlio altitude, and dooreasea the zenith distance, of a star, 
bvit ill general does not affect its azimuth.* 


Z 



B*ia. 4 


It Is known that npprocslntlo deviations In tlio aatmutli are sometimes 
prodiicod by refraotion, especially in observations made very near the horl- 
soii j but 08 tboy aro due to abnormal and unknown arrangements of the 
strata of air, thoro is unfortunately no direct method of eliminating them. 
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The amount of the refraction depends upon the density 
of the air, which is a function of the atmospheric pressure 
and temperature. Our knowledge of the state of the 
atmospliei’o is very imperfect. 'iChe theory of refraction 
is complex and tedious, refraction tables to ho reliable 
must be largely emtiirical, and we shall not attempt an 
investigation of the subject. 

The Pulkotva Hefraotion ^Tables given in the Ai:)i5ondix* 
TabiiR I, are based on the formula 

7' = fi tan z cr*, 

in which z is the apparent Kenith distance, /*, A, X, and a- are 
functions of the ax^parent zenith distance, S dexjeuds on the 
reading of the barometer, T depends on the teinx^oraturo of 
the column of mercury as indicated by the attached ther- 
mometer, 7 depends on the temiioratiu’e of the atniOHX>liero 
as indicated by the external thermometer, i dox^ends on tlio 
time of the year, and r is the refraction in seconds of are. 

For logarithmic comxmtation (94) takes the form 
log i* “ log /A + log tan » “f A (log B + log T) + A log y -j- i log tr. (96) 

Observations should not be made at a greater zenith 
distance than 82® 30^ beyond which the amount of the 
refraction is uncertain. We, can comxiute an ax:)X>roximate 
value of the refraction, however, by means of the /S'-WjWjuk*- 
ment to Table I, which tabulates the values of log p tan 

JElxample, Given the api^arent zenith distance 81® 11' 0", 
Barom. 29.420 inches, Attached Therm. 4- 46®. 6 F., Ex- 
ternal Therm. + 22®, 8 F,, time May 20, required the true 


zenith distance. 

• 

■ 


logj? 

- 0.002QO 

logja 

1.74188 

log T 

- 0,00066 

log tan » 

0.80087 

\o^BT 

- 0.0031 6 

A logiir 

0,90088 

A 

1.0063 

A logy 

‘0.02460 

logy 

+ 0.02837 

i log or 

0.00006 

A 

1.0610 

logr 

2.67208 

logo- 

0.00026 

r- 

0' 18".0 

* 

-0.21 

, 



* That is, attached to the baromotor. 


■r^i 


\ 
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The true zenith distance is therefore 81° 17^ 13'^3, 

If the true zenith distance is given and the apparent 
zenith distance is required, an aj)proximato value of the 
latter is first found hy applying the mean refraction, Table 
II, Appendix, to the true zenith distance, and then the 
refraction is given hy (94) as before. 

Tablis II is constructed from (04) for a mean state of 
the atmosphere, viz. t Barom. 29.6 inches, Att. Therm. 
60°. 0, and Ext. Therm. 50°. 0. The factor <r^ is neglected. 

In case no tables are available an approximate value of 
tlio refraction is given by 



G88& 
(100 + f 


tan Sy 



in which h is the barometer reading in inches, t the tem- 
perature of the atmosphere in degrees Eahr., and « the 
. apparent zenith distance.* Eor zenith distances less than 
75° it represents the Pulkowa refractions within a second 
of are, except for extreme states of the atmosphere. It is 
ospeoially convenient for field work in which an aneroid 
barometer is used, 

When the barometer and thorinometer have not been 
read a roughly approximate . value of the refraction is 
given by 

r = K tan (07) 


in which K is the value of the refraction at zenith distance 
45° for the mean barometer and thonnomoter readings at 
the idace of observation j but for large zenith distances 
and extreme states of the atmosphere it cannot be used 
safolyi The value of 1C for sea-level stations in the teni- 
porato zones is about 68^'. • 


* Thta formula Is tliio to Professor Comstock : Thu BidereaX McasonyeVi 
April, 1800. 
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IM33?B ACTION IN 


BIOUT ASOISNSION AND 


IrtiCDINATION 


31. The oliaiige in zonith dintanoo duo to rofraotion 
gives rise to coiTGsxjouding eliauges in right aHoonsiou 
and declination. We know the general relations existing 
between these coordinates, whence the relatioiw existing 
between their increments may bo found by difCerontiatiou. 
From (7), 3 and gt being the only variables, wo liavo 

cos 8 = “ (sin z sin (ft -h oos z cos (/> cos A)ilZt 

which reduces by moans of (28) to 

rfS — 008 q dz. (03) 

Differentiating (30), regarding S and t as variables, wo 
obtain 

— sin z dz ~ (cos 8 sin (ft — sin S cos <f> cos t) dB — cos 8 cos </• aiii t dl, 

which by (31), (32) and (98) reduces to 

cos 8 dt ~ sin q dz, 

But from (^) — dct. Making this substitution and 

replacing de by the refraction r, (98) and (99) become 

rfS = — r coa 5 , (100) 

da =5 — sin q soo 8 . (101) 

These corrections reduce from the ainiarent to the true 
values of « and 8, If the true jdaco is given and tho 
ai^parent place is required, the signs of tho corroctiona 
must be reversed. 

To compute r we must know z. If z and A are given, 
is determined by (29); if t and 8 are known, g and z aro 
determined by (36) and (87), 


DIP OF THE HORIZON 

1 

32. At sea the altitudes^ of celestial objects are meas- 
ured from the visible sea h<b*izon. This is below tho truo 

' % 

T. 
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Z 


liomori by an amount depending on the elevation of the 
observer’s eye above the surface of the sea. 

Let Mg. 6 roinesent a section of the earth made by a 
vertical plane passing through the eye of an observer at 
0, OH' is a line in the visible 
horizon, OH is the corresponding 
lino in the true horizon, and IIOIH 
is the dip of the horizon. Let 

p 

X =: the height o£ the oyo above the 
■water in feet ~ OA , 

a = the radius of the earth in feet 
= AC, 

D = the dip of tlie horizon = HOW 

= OCB, 



Fig. B 


We may write 






tan D — 


on V2 Ha; + «« 


CB 


a 



2.r 


a* 




a "* o’* 


( 102 ) 


.2 


But ^ is a very small quantity and may bo noglootecl. 

w 

Tan I) may bo replaced by X) tan The apparent dip 
is affected by refraction. The amount of this refraction 
is uncertain, but an approximate value of the true dip 
is obtained by multiplying the apparent dip by the factor 
0.92. The mean value o'l a is 20888626 feet. Introduc- 
ing these quantities in (102) it reduces to 


i) = 60 " Va; in feot, 


( 103 ) 


by which amount the measured altitude must bo decreased. 

A convenient rule, much used by navigators, follows 
approximately from (103), thus ; 

The dip in minutes of arc is expressed by the square 
root of the number of feet tliat the observer’s eye is above 
the water. To illustrate, if the observer’s eye is 80 feet 
above the water, the dip is very nearly 6', 6. 

The dip must in all oases be subtracted from the ob- 
served altitude in order to obtain the true altitude. 
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SBMIDIAMKTKH 

ri 

r 

33, When we observe a celestial body having ft well- 
defined disk, as in the case of the sun and moon, the 
measurements are made with reference to some point ou 
the limb, and the position of the center is obtained by 
correcting tlie observation for the angular semidiamoter 
of the body. 

The geocentric seinidiameters of the sun, moon and 
major planets are tabulated in the Ephemeris. The aj)par- 
ent semidiameter of the moon, however, is appreciably 
different for different altitudes, on account of its nearness 
to the earth, and its value must be determined. 


34. To find the af parent Bemidiameter of the moon. 

Let Fig. 6 represent a section 
made by a i)hwi 0 passing through 
-jj the observer 0, the center of tlio 
moon Jf, and the center of tlio 
earth (7, the earth being considorod 
a sphere,* Let 

(S — tbe moon’s geooentrio somidiamotor 
=a MCB, 

S’ ~ the moon’s apparent somidiametor 
^AOMt 

A =: the distance of the moon’s center 
from the earth’s center = CM^ 
the distance of the moon’s center from the observer = Oil/", 



Fio. 6 


h! 

TT 

P 

z 


the equatorial hoiizontal parallax of the moon, 
the parallax in zenith distance = OMC, 
the moon’s true zenith distance =; ZCM, 
the moon’s apparent zenith distance = Z OM. 

sve can write 

sin S' A 


sin S 


= 21ILil±£l = OQg ^ PP I . jg sin p 
A' am s! ^ ^ gill ;s 


The. maximum error produced hy neglecting tho eccentricity of 
meridian even in the case of the moon never exceeds 0".00. 


VI. 
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IProm ( 61 ) 
thevefore 


sin p = sin tt sin a' : 


sin S’ = sin S { cos » -J- sin ir cos 

\ sill z / 


( 104 ) 

( 105 ) 


(104) and (106) furnish very nearly an exact solution 
of the problem. l<'or our purpose, and for all ordinary 
observations, Ave can write 


S' = (I + sin IT cos s). 


( 100 ) 


35. To find the contraction of any semidiameter of the sim 
or moon^ produced hy refraction. 

The apparent disk of the sun or moon is not circular, 
since the refraction for the lower limb is greater than 
for the center, and that for the center is greater than for 
the upper limb. It will be sufficiently exact to assume 
the disk to bo an ellipse whoso center coincides with the 
center of the sun or moon. 

The contraction of the vertical semkliameter is found by 
taking the difference of the refractions for the center and 
the upper or lower limb. 

The contraction of the horizontal semidiameter for all 
zenith distances less than 85® is very nearly constant and 
equal to about 0''.26. If or our j)urpose it may be neg- 
iected, and we shall not investigate the subject. 

The oontraotion of any somidiameter making an angle gf 
with the vertical semidiametor is readily obtained from the 
properties of the ellipse. Thus lot 

<1 tho horizontal Bomidiameter, 

6 = the vortical soinidiamoter, 

S" = the inclined Bomidiameter, 

and we have 

«« ft’* ’ 

S" sin 5 — K, 

S" cos q ~y i 

S" = 

V a* cos* o + .sin® q 


whence 


(107) 
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ABJORRATION 

36. Tho observed direction of a star differs from ite 
true direction in oonsequonce of the motion of the ob- 
server ill space. Tho ratio of tho velocity of light to tho 
velocity of the observer is finite, and a telescope clianges 

its position ax>prociably while a 
s ray of light is passing from tho 
/ objective to tho oyexiioco. 

/ In Fig. 7 lob 0 bo the center 

/ of the objective and 33 tho oentor 

/ of tho oyex)iooG of a tolosoopo at 

the instant when a ray from a 
/ / star S roaches tho point 0. If 

/ / 033^ rexirosent tho direotion and 

I velocity of the ray, and A33 reii- 

/ / resent the direction of tlie ob- 

/ u server’s motion and 3333^ his 

■A > — velocity, tho tolcscoxso will bo in 

Via. 7 the xjosition 0’J3' when the rny 

reaches 33^, While tho true direo- 
tion of the star is JSr'O, tljo ajiiiarcnb direotion is 33^0*» 
The change in the a[>paront direction, 033* ia oallod the 
aberration. The star is apparently diaxilaced toward that 
point of the celestial sjihere which the observer is momen- 
tarily axiproaohing. To find tho amount of this displace- 
ment let (Fig. 7) 

y = BE'O = the angle between tho tvno direction of the star and 

the line of the obsorver’e motion, 

y' s= BE' O' cs the angle between tho apparent direction of tho star 

and tho lino of tho observer’s motion, 

dy ~y ~ y' = tho covreotion for aberration in the jilane of tlio stai 

and tho obsorvoi'’s motion, 

V = OE’ = tho velocity of light, 

V =EE' =. the velocity of the ohsorver. 
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Then from the triangle JHO.W we have 


8111 (y — y') ~ sin fly = 



Bat dy is always very small and wo can write, without 
sensible error, 



V 

Fsin 1 " 



( 108 ) 


which determines the oorreotion for aberration when v, V 
and 7 are known. 

37. The velocity of the observer is made up of three 
parts: those due to the motion of the solar system as a 

, whole, to the annual motion of the earth in its orbit, and 
to the diurnal rotation of the earth. The first need not 
be consider ed, since it affects the apparent place of a star 
by a constant quantity. The second gives rise to annual 
aberration, which will bo referred to in Ohapteii IV, 
The tliird gives rise to the diurnal aberration. This is 
a function of the observer’s position on the earth, and 
will bo treated as a oorreotion to be ax>piied to observed 
coordinates. 

38. To find the diurnal aberration in hoy>r angle and dee- 
linalion. 

In Fig. 8 let SEJ^TW be the horizon, EQ W the equator, 
Zi the earth, 0 a star whose 
hour angle is t and declina- 
tion h^ .EOW a great oivolo 
through 0 and the oast point 
of the horizon. Owing to W 
the diurnal rotation of the 
earth the observer is moving 
directly toward the oast point, 
and therefore the star’s ap- 
parent place is shifted east- 8 

ward in the plane EOW to some point 0\ The aberration 
in this piano is 00*^ whose value is given by ([108). It 






ru AUTIOA j,/ AaTK( )iJ OlSl Y 


only romaliiB to llnd bho coprospooding cliango in houp 
aiiglo OO^i tind in dooliiiation 00 — G’0\ 

In bho bi'iiiuglo 7i!00 wo havo 

00 « S, CJi = 00“ -h f, IS CO « 00*. 

Now lob 

()}S y, OJSO w, C'C = (*, 00 - C'O' = rf3, 

and wo can write 


Bin 8 = 

sin y hIu a>, 

(100) 

sill l GOB 8 ™ > 

- cosy, 

(110) 

008 1 cos S =5 

ain y cos o). 

(111) 


( 110 ) and ( 111 ) give by difforontiationt 3 and 7 boing 
variables, 

— flln / Hill S -I- 008 i cos 8 <lt = sin y f/y, 

— 008 1 sin 8 </S “ sill t co8 8 dt = com y cos w dy, 

NUininatiiig and bhon dU we obtain 

coH S di =5 (sin y cos i — cos y sin t cos to) dy, 
fliii S f/8 = — (sin y sin i + cos y cos t cos to) dy, 

which, by moans of (109), (110) and (111), reduce bo 

dt » 008 1 800 8 ObL., (112) 

am y 

rf8 « — sin t sin 8 0}^ -. (1 lU) 

sin y 

The value of the faotoi* • ^ - is given by (108) from 

sin 7 

the known values of v and 'K b'or an observer at the 
earth’s equator it is O^'.Sl; in latitude 0 it is 0'^81 gos</>. 
Substituting tins value in ( 112 ) and (118) we obtain 

(U ^ -h 0".81 C 08 ^ 00 a t BOO 8, (114) 

dS = — 0 .81 cos tj* .sin t sin 8, (11®) 

which are the corrections to be applied to the obsovvod 
hour angle and declination. 

When the star is observed on the meridian, 0 , and 
(114) and (116) become 

di = 0'^81 cos <l> aoo S, 
rfS = 0 , 




( 110 ) 

(117) 
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39, To Jltid the dntrnal ciberrcdimi m azwintli and alti- 
tude » 

The problem is identical with that in § 38 save that the 
horizon is the plane of reference, instead of the eqxiator. 
If in (114) and (116) we replace t by ^ and S by h we 
obtain the desired corrections, 

dA =s + 0".81 cos ^ cos A sQc A, (tl8) 

(Ih = — 0 .81 COB ^ sin A ain h, (H®) 

which are the corrections to be applied to the observed 
azimuth and altitude. 

SEQUENCE AND DEGREE OF OOBREOTIONS 

40. Ill apjjlying the corrections considered in this chap- 
ter it is necessary that a proper sequence be followed. 

In all cases the refraction must be applied first, its amount 
being obtained by the methods of § 30 and § 31. . 

Exceiit in a few cases the diurnal aberration may be 
neglected. 

OUservafcioiis on the sun or moon refer to points on the 
limb. They must be reduced to the center. In the case 
of the moon the reduction is made by formulae (106) and 
(107) j of the sun, by (107). 

The parallax is now determined by the methods of 
§§ 26-29, It is wholly inapiiveciable for the stars. 

The degree of refinement to which these corrections 
should ho carried, can ho stated only in a general way. 
Usually it is sufficient to compute the coiTootions to one 
order of units lower than that to which the observations 
have been made. Thus, in reducing an observation made 
with a sextant reading to 10", the corrections should be 
computed to the nearest second. If the mean of a large 
number of sextant readings is employed, it is advisable 
to carry the corrections to tenths of a second j and simi- 
larly in other cases. 



(!I)AI’'1'1CH IV 


I'KiaiKHMION — NUTATION — ANNUAr, ABEIUIATION 




IMtOJ'Klt MO'I'ION 


41, III llu) oliaptor wo ooiiHitlorod tlio correc* 

tiniiH lumuHHury tu ho to (ilworvod codrdinatoa in 

nrdor In mliiou tlunn to Dio oontur ul: tho uivrtlu Wo 
hIiuU now ooiiHidor tlio ooviootiona whioli inuali bu applied 
to tho iippiinmt goooonti'iu oodnliniiCoH. 

Whilo tlio roitiDvo poHitioiiH of tho lixod nttu'fl ohnngo 
vory Hlowly,*-'' uiid in inuMt ouhom no ohango at all lias 
boon dotootod, thoiv appumil ooiirdinntoH ai'o oontimuiUy 
varying. Thoao variivtioiw aro dtviduti into two geneml 
olaanoH, Hoonlar and poriodiu, 

Secular variations arc vory hIo^v and nearly rognlar 
oliangoH oovoring long poriods of time j so that for a few 
yoiu’H, and in Homo canoa for oonturioH, they may bo ro- 
gardod an proportional to tho timo. 

Periodic variations aro obangoH wluoli pass quickly from 
nmi oxtromo value to anotboriHo tliat thoy cannot be treated 
as jn'opoi'tional to tho time oxcopD for vory abort intervals. 

'riie planes of tbo eeiiptio and equator aro subjoot to 
slow rnotionsi whioli give rise to varintioim in the obliquity 
of the ecliptic and in tho positions of tho equinoxes. The 
oodrdinatcH of the stars therefore undergo obangos which 
do not arise from the motions of the stars thonisolvest but 
from a aliifting of the planes of reference and tho >origin 
of coordinates. Tho forces producing those olmngos are 
variable, and while tho variations of tho oodrdinatos are 
progroBsivo, they are not uniform. They may be regarded. 
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118 mado up of two parts, -viz. : a secular variation called 
precession, and a periodic variation called nutation. 

Owing to annual aberration [see § 87 ] the stars are 
not seen in their true positions, but are apparently dis- 
plaood toward that point of the sphere which the earth 
is approaching, thus giving rise to periodic variations of 
tlioiv apparent coordinates. 

In the ease of stars having proper motions, — that is, 
apparent individual motions duo to motions of the stars 
themselves, and to the motion of the solar system in space, 
• — their positions on the sphere change, and give rise to 
secular variations of the coordinates. 


4 {J. In order that we may define the positions of the 
ocliptio and equator at any instant, it will be convenient 
to adopt the positions of these planes at Some epoch as 
fixed planes, to which their positions at any other instant 
may bo referred. Lob their positions at the beginning of 
the year 1800 bo adopted as the mean ecliptic and equator 
at that instant. 

l?ho true equator and ecliptic at any instant are the real 
equator and ecliptic at that instant. Their positions arc 
affected by precession and nutation. 

The positions of the mean equator and ecliptic at any 
instant are the positions these circles would occupy at 
that instant if they wore affected by precession, but not by 


nutation. 


The mean place of a star at any instant is its position 
reforro<l to the mean equator and eoliptio of that instant. 
It is affected by precession and proper motion. 

'I’liG true place of a star is its position referred to the 
true equator and eoli))tio. It is the mean place plus the 
variation duo to nutation. “ 


Tlio apparent place of a star is the position in which it 
would be soeii by an observer (at the center of the earth). It 
is the true place jAwa the variation due to annual aberration. 
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43. In solving the problems considered in the following 
chapters we require to know the apparent right ascensions 
and declinations of the celestial objects at the instants 
when they are observed. The aiiparent places of the sun, 
moon, major planets, and several hundred of the brighter 
stars, are given in the Ephenieris at intervals such that 
their places for any instant may be obtained by interpola- 
tion. But oGcasionally it is desirable to einxjloy stars not 
included in this list. If the mean places of these stars are 
given in the Ephemeris for the beginning of the year * 
they must bo reduced, by moans of the xoroper formulcG, to 
the apparent places at the times of observation. If wo 
observe stars which are not contained in the Ephomeius 
we must refer for their positions to the general Star 
Catalogues, which contain their mean places for the begin- 
ning of a certain year. These must be reduced to the 
corresponding mean places for the beginning of the year 
in which the observations are made, and tlience to the 
apparent places as before. We shall now very briefly 
consider the matters essential to these reductions. 

PRECESSION 

44. If from the figure of the earth we subtract a sphere 
whose radius is equal to the earth’s polar I'adius, there will 
remain a shell of matter symmetrically situated with refer- 
ence to the equator. The attractions of tlie sun and moon 
on this shell tend to draw it into coincidence with tho 
ecliptic. This tendency is resisted by the diurnal rotation 
of the earth. The combined effect of these forces is to 
shift the plane of the eqiiatoi*, without changing the 
obliquity of the ecliptic, in such a way that its intersec- 
tion with the eoliptio continually moves to the west. This 
causes a common annual increase in the longitudes of tho 

* This does not refer to the ordinary or tropical year, but to tlio flctltious 
year, which begins at tho instant wlion the sun's mean iongitude js 280", 
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stars, which is called the luni-solar precession. It affects 
the longitudes, right ascensions and deolinations, but not 
the latitudes. 

The attractions of the other planets upon the earth tend 
to draw it out of the plane in which it is revolving around 
the sun. The effect is to shift the plane of the eolij)tic in 
such a way that its intersection with the equator moves to 
the east. This causes a small annual decrease of the right 
ascensions of the stars, called the planetary precession. It 
affects the longitudes, latitudes and right ascensions, but 
not the declinations. 

The attractions of the jdanets produce a slight change 
in the obliquity of the ecliptic. Its annual effect upon the 
coiirdinates of the stars is combined with the luni-solar and 
j)lanetary preoessioii, the whole being called the general 
precession, 

45. These motions are illustrated in Pig. 9. Let OVq 
be the fixed or mean ecliptic at the beginning of the year 
1800, C/Vq the mean equa- 
tor, and Tg the mean equi- 
nox. By the action of the 
sun and moon in the time i 
the equator is shifted to the 
position the vernal 

equinox moves from to 
T^, and is the luni- 

solar precession in the in^ 
torval f. By the attraction 
of the planets the ecliptic is 
shifted to the position 
the vernal equinox moves from to F", and is the 
planetary precession in the interval i. Let 

tjj = the moan obliquity o£ tho ecliptic for 1800 = OVfjU, 

£j = the obliquity of the fixed ecliptic for 1800 + I —CViQ, 
e =3 the moan obliquity of tho ecliptic for 1800 + t ~CFQ, 


P 
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\p = the hini- 3 olar precession in the intovval t — 

= the planetary precession in the interval i s= ViV, 
the general precession in the interval f ~CV — 

The Tallies of these quantities ai’Oj acoorcUiig* to Struve 
and Peters, referred to the beginning of the year 1800, 


Cq = 93^* 27' 54".22, 
e^~£o + 0".00000736 
e = e„ - 0".4738 t - 0''.0000014 i% 
ip = 50'^3708 t ~ 0".0001084 
& ~ 0".15119 / - 0".00024180 
00" 2411 i + 0" 0001134 



46. Q-iven the mean right asoension and declination S) 
of a star for any date 1800 + U required the mean right 
ascension and declination SO other date 

1800 + 

In Pig. 9 let QV^ be the ecliptic of 1800, tJio 

mean equator of 1800 + and V^Q the mean equator of 
1800 +^^ If we distinguish by accents the values given 
by (120) for the time t’ we have 


]\V^^xp’~iP, aP,n^l80“-ei, QV,V, =:=«/• 

Noav let 

Q Fj = 90° - QTjj s= 00° + Ki Q « &, 

M 

and we have [Ohauvenefs Sph. Trig>^ § 37) 

s 

cos i d sin i (f -}-») = sin J (^' — cos i (ci' Cj), 
cos 5 0 oos ^ (f + «) = CO.S J — ijf) cos i (ei' — Cj), 
sin i $ sin J (f ~ z) ~ oos J (^' — sin J («( — e,), 
sin i $ cos ^ (f ~z) ~ sin — tp) sin i (^j' Cj). 

But ^ — g) and ^ (e/ — e^) are very small arcs, and tvo 

can write 


tan i (z' 4- s) = tan J (^' — j^) cos J (e( + cj) , 




tan 4 (ip' - xp) sin 4 (c,' -i- e,)' 


sin 4 ^ = sill J (ip - ain 4 (c( + «i), 

which determine z and B very accurately. 


( 121 ) 

(123) 

( 128 ) 
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and. are tlie i)ositioiis of the mean equinox for 
1800 4- t and 1800 -h t'. Uepresouting the planetary pre- 
cessions and by ^ and "we have 

FQ = 00"^ - » - V' Q = 90“ + z' - />' ; 

and sin GO foi’ tbe star iS we have a =* VJf and a' = V^M\ 
wo obtain 

MQl = 00'’ - iS - - a, ilf'Q = 00“ + »' - - a'. 

Then if P and P' are the poles of the mean equator at 
1800 4 - 1 and 1800 -t- t', and if we put 

A - a. + n 4 Si -d' = a' 4 h' ~ z% (124) 

we have, in the triangle /SPP^ 

PS = 00° - S, P'S = 90° - S', PP' - ViQVs = Ot 
SPP' = 90° - MQ = A, SP'P = 90° 4 itf' Q = 180° - A'. 

Substituting these in (2) and (3) wo obtain 

009 S' coH A.' = cosS cos 4 cosd — sill S siii0, 
cos 8' ain-4' = oosS aiii/1, 

from whioh we deduce 

eos 8' sin (/I' —A') — cos S sin A sin Q (tan 8 4 tan J & oos /L), (12B) 

<3osS' coa (/F— 4) = cosS— cosSoosvI sni^(tan84tan coaX); (120) 

or, jiutting 

p S3 sin 9 (tan S 4 tan ^ Q cos 4)i 

we have 

p OOS A 

* 

h’l'om the triangle SPJP^ we can also obtain [^OJumvenet^ s 

Trig., § 22] 

tauJ(8'-S)==tani022^H^^^. (129) 

Having determined cj, '^|r, i 5 , -yfr' and from (120), 
g, z' and e from (121), (122) and (128), and A from (124), 
we obtain a* from (127), (128) and (124), and S' from 
(129). 


( 127 ) 

( 138 ) 

■* 



60 


niAOTIOATj ABTliOKOMY 


^Example. Tho mean place of Polaris for 1766.0 was 

a S= 0^ d«’'' 4 l»*. 11, S “ -I- 87'' 50' 41 1 1 ; 


neglocfcing pi’ofjer motion what will be its mean place for 
1900.0 ? 


Ill thiB CEiBe 

i =! — 46 and 

=s -1- lOOj and 

WG fmd, from 

(120), 


• 


c, as® 27' 54".2ad88 

€ ' 23'* 27' 64".20I160 

i' -1 

37 47 .81 

q/ -1- 1 23 60 

.00 

1? 

- 7 .20 

C -1- 12 

.70 

and therefore 





i (Cl' -I- Cj) 

20^ 27' 64".20 



4 (tf/ - xf/) + 

1 0 02 .10 



4 (C,' •- Cl) 

H- 0 .02931 


tan — *10 

8.248108 

sin il 

0.0126080 

COa -J ) 

0.002518 

log;} 

0.0060840 

4 («' 

O'* 56' OO'Md 

cos A 

0.0000400 

log 4 (e - c.) 

8.407010 • 

logp cos i4 

0.6067240 

Q 

»=H 

1 

1.751887 

Sub* 

0.2170701 

cosco 4 (e/ + Cl) 

0.890010 

tan (i4' — A) 

0.1303600 

log 4 ( 2 ' - 2 ) 

0.018708 

- A 

7" 40' 30".07 

4(*'-«) 

4", 10 

A' 

10 37 47 .01 

2 ' 

O'* 66' 64".30 

a' « i4' + «' - d' 

20 33 28 .01 

2 

0 66 46 .08 

a' 

1ft 22"* 13* .91 

Bin 4 (^ “ ^) 

8.248006 



sin 4 (ci' + c,) 

0.000090 

A' -1- A 

Bl** 28' 67 ".8 6 


O'* 24' 14»,10 

tan 4 0 

7.8481043 

a 

10 66 81 .06 

008 4 (/I ' H' -<'1) 

0.0883001 

id = a + 2 + iJ 

11 61 10 .34 

SCO 4 (A' — A") 

0.001 0000 

tan 4^ 

7.848104 

tan 4 (8' - 8) 

7.8826048 

cos A 

0.000040 

4 (8' - 8) 

O'* 28' 22". 86 

tan 4 $ cos id 

7.838881- 

S'~S 

0 40 46 .70 

tan 8 

1.4567778 

S' 

88 40 20 .81 

Add’if 

0.0001040 



sin d 

8.1402027 



log/j 

0.0060840 




47. Required the annual pn'eoession in right ascension and 
declination at any time 1800 + 


* ZecWa Tafeln der Additions- nnd Suhtr&etiona^Logaritlvmen avo uacfl 

here. 
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The precQSsion for one year being small we can pnt, in 

(124) and (126), without sensifaio erroi’, 

8 ' = 8 , sin (yl' — yl) = (yl' ~ yi) sin 1 ", sin yl s= sin a, 

sin 6 tan ^ 6 = 0, sin 0 5= 0 sin 1", 

and obtain 


yi' — yl = a' — a + + is) s= 0 sin a tan 8r 

For (121) and (123) we may write 


(130) 


»' + a 
0 


(^' — cos C|, 
— (^) sin 


Substituting these in (130) and dividing by t'— i, we obtain 

a' — ct li' — li i9' — -fl , iA' — ifr . < , n 

=s SL — X. COS e, : 1- ^ ^ sin e, sin a tan 8. 

i' — t i' ~t * V — t i> --t ^ 


Similarly, from (129) we can obtain 

8' — 8 _ \ i/' — 1/ > 


C - 1 


, sin e, COB a. 


In order to express the rate of change in a and 8 
instant 1800 + t we must let — t become very 
Passing to the limit wo have ^ 

* = !^co 8«, - sin 8hv „ ton 8, 

fit (H ^ til tit ^ * 

. ~ sill «i cos a. 

dt (It ‘ 

If we let dt equal one year, and put 


at the 
small. 




# 

dt 


cosc 


1 


d\b * 

ft sin tn 
dt dt * 


wo obtain for the annual procession at 1800 -f - 1 

^ =3 Ml + n sin a tan 8, 
di 

rfS 

dt 

From (120) we find 


= n cos a. 


ddt 

dt 


cos €, = (60".8708 - 0" .0002108 0 cos «, 


M 

di 


40".2186 - 0".0001t)8E) t, 
0".1612 - 0".000‘1887 1 } 


(181) 

(182) 
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p 

and therefore 

m = d0".0023 -t- 0''.00028d0 /, (1513) 

n = 20".0fl07 - 0'^0000803 1 . ( 1 JM) 

Except for stars near the polos and for longf intervals of 
time, forimilas (181) and (132) aro voiy ooiivoiuont for 
computing the whole procession between two dates. 'J'lins 
if it is required to determine the precession in a and S from 
1800 H- t to 1800 + we first obtain approximate valnes of 
a and S for the middle date 1800 -f-^ (t -p //), XJsing tliesu 
values we then compute the annual precession for tins 
date, which is approximately the average annual proeessinii 
for the interval and thence the whole procession by 

multiplying. this by t' ~~ t. 

It is convenient to have tlio values of m and n givou by 
(188) and (184) tabulated as follows : 




p 

Bato 

iV 

log ^ n 

log h 


8 * .00987 

0. 1 20848 

1.802430 


3 .07000 

0.120880 

3 .802421 


3 .07026 

0.120811 

1.802102 


8 .07044 

0.120202 

1.802883 

1790 

8 .07003 

1 0.120274 

1.802800 

1800 

8 .07082 

0.190266 

1.802840 

1810 

3 .07101 

0.120900 

1.802827 

1820 

S .07120 

0.120218 

1.802800 

1880 

8 .07180 

0.120100 

1.802200 

1840 

8 .07168 

1 

0.120180 

1.802271 

1850 

8 .07177 

0.120102 

1.802263 

1880 

8 .07100 

1 

0.190143 

1.802234 

1870 

8 .07216 

0.120194 

1.802215 

1880 

3 .07234 

0.120100 

1.802107 

1890 

8 .07268 

0.120087 

1.802178 

1900 

8 .07972 

0.120008 

1.802160 

1910 

8 .07201 

0.120060 

1.802141 

1920 

8 .07810 

0.120081 

1.802122 

1930 

8 .07820 

0.120012 

1,8021 03 

1040 

8 .07848 

0.126004 

1.802085 
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JSxam^le, The mean place of /9 Orioni& for 1850.0 was 

a = 5* 7»‘ 19*.85G, S = - 8“ 22' d4".7'l ; 

neglecting proper motion, find its mean place for 1900.0. 

Using the values of m and n for the middle date 1875.0, 
and a and 8 for 1850.0, we may obtain very nearly the 
annual precession in « and S for 1862.5 from (131) and 
(132). 

log n 0 .12G116 
sin a 0 .088429 
' tan 8 0 .108180,, 

log 9 .282780„ 

number ~ 0».l0175 log n 1.302208 

^ m 3 .07224 cos a 9.367648 

— 2 .88049 ^ 4". 608 

dt dt 

The approximate coordinates of the star for 1875.0 are 
therefore 

a = 5* 8'" 31«.87, S “ 8“ 20' 50".6. 

Using those values we have 

log -iV n 0 .120116 
sin a 9 .988955 
tan S 9 .100614,, 


log 0 .281684,, 


number — 

0M0124 

log » 

1.302200 


8 .07224 

003 a 

0.847706 

da 

2 .38100 

f/8 

4". 40 602 

dt 

dt 


Those are very nearly the exact values of the annual pre- 
cession for 1876.0, and the mean place for 1900.0 is there- 
fore 

a' = 6'- 0«' 43*,000, S' = ~ S'* 10' 1".44, 

which is practically identical with that given by the rigor- 
ous method of § 46. 

In many star oatalogues the animal precession in « and 
S is given for each star for the epoch of the catalogue, by 
moans of which tlie approximate place of the star for the 
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middle tune is found at once, and the first approximation 
made above is avoided. 


PROPER MOTION 


48. The i>i'oper motion of a star has already been defined 
to bo an axjparent motion of the star itself on the surface 
of the sx)hore. It is assumed to take jdaoe in the arc of a 
great cirolo, and to be uniform. The i^roxier motions in 
right ascension and doolinntion are the components of tins 
motion in and jieipendicular to the equator. They are 
variable since the equator is a moving circle, and it must 
be .sx)ooifiod to which equator they refer. 

When a star’s xfiaoo is required to ho known very accu- 
rately, its xiositiou should bo taken from as many oataloguos 
as possible. In order tiiat the data thus obtained may be 
X)ropQrly combined, a thorough knowledge of the subject 
of X)rox>or motion is essential. 

49, Given the ohservecl mean jtlaoes (a, S) qf a star for 
1800 -I- t and («', §0 f^'^' 1800 H- i', required the annual 
pro 2 }er motion* 

>S tar ting from the first observed ifiaoe and oonqmting the 
precession for the interval t' — t by the methods of § 46 
or § 47, lot the resulting i)laco for 1800 + V be k^, Sj, The 
discrepancies «' — and 8^ — 8i are due to inoper motion, 
and the annual XJi'opor motion for the interval is 

(185) 


referred to the equator of 1800 4- 

Starting from tlie second observed place, computing the 
XU'ccossion for the interval t — f', and applying it to a' and 
8', let the resulting xfiace for 1800 4 £ bo Sg. Tlio 
annual x)rox)er motion for tlio interval is 



referred to the equator of 1800 4 £» 


(180) 
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Mxam'ple, The mean places of Polaris for 1766.0 and 
1900.0 given in NeweoimPs Standard Stars are 

for 1766.0, a = 0* 48'« 42M1, S = + 87° 69' il'Ml, 
for 1900.0, a' = l 22 83.70, 8' =+88 40 20 .60; 

determine the proper motion referred to the equator of 

1900,0. 

By applying the precession to the place for 1766.0 the 
place for 1900.0 was found to be, § 46, 

a, = 1'^ 22“ 13*.01, 8, = + 88° 46' 26".81, 

and therefore, by (185), the annual proper motion of 
Polaris referred to the equator of 1900.0 is 

da! = + 0M389, rfS' = - 0".00108. 

50. Q-iven the proper motion (^^a, d 8 ) referred to ike 
equator of 1800 + t, required the eorresponding proper 
motion Qda\ dS') referred to the equator of 1800 -h i', 
and vice versa. 

' When the star S (Fig. 9) moves on the surface of the 
sphere it causes variations in all the parts of the triangle 
SP'P^ except P'P. The solution of the ju’esent i)roblem 
requires a knowledge of the relations existing between 
these variations. 

If in a spherical triangle ABC we suppose all the parts 
except a to vary, we can write [^Gkauvenefs Spk. Trig.^ 

§ 163, (286) and (287)] 

sin c (/B = sill A<2b sin a cos A sin B cosec AdO, 

k 

de = cos A t/b + sin a sin B rfO 

K I 

Substituting in these, from § 46, 

a = PP' = dh =; d{SP) = - rfS, dc = d(SP) ~ - t/S', 
rfB = d{SP'P) = rfC180° ~ /!') =: - da!, dC = diSPP') = dA = da, 

and putting 7 for A, we obtain 

008 8' da' j= sill y dh + cos 8 cos y da, 

dh! =3 COB y dS — 008 8 sin ydo, 


(187) 

(138) 
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in which 7 is dctei'ininecl by 


Bin y - Hill 0 ain A sec 8' sin 0 siu A> sec S, 
cos y ~ (cos 0 ~ sin 8 sin 8') sec 8 sco S'. 


(139) 

(140) 


These determine the proper motion for 1800 + t* in terms 
of that for 1800 -|- 

From (187) and (188) wo obtain 


cos S do, “ 00s 8’ cos yda* — .sin 7<^S'| 

=: CO.S 8' Hill y daf -j. co» 7 rfS’, 



which determine the proper motion for 1800 + 1 in terms 
of that for 1800 H- 1', 

Mxample, The proper motion of Polaris referred to the 
eq^iiator of 1000,0 is 


do' ~ -V 0M800 =.+ 2".0586, rfS' = - 0".00103. 

Doduoe the proper motion referred to the equator of 1765.0. 

Using 9 and A from § 46 and 8' = + 88° 46' 26". 66 we 
find, from (189) and (140), 

sin y = 0.181408, cos y ~ 0.006084> 

and therefore from (141) and (142) wo obtain 

do ~ -t- 1".2480 « 4- 0*,0882, rfS - + 0".00408. 


51. CHven the proper motion (da^ cZ8) and the mean place 
(a, 8) of a star for the epooh 1800 i, required its mean 
place (a', h'')for the epooh 1800 -b ih 


Tlie proper motion for the whole interval ~ f ia first 
ooinputcd and applied to the mean place for 1800 + t, 
Witli the resulting values of a and S, which wo shall de- 
note by ccj and Sj, the iirecossion is computed and applied 
to a, and 8,, TJie result is the star’s mean place for 


1 


1800 + ih 


If the proper motion (ftal ^ dS') is given for the epooh 
1800 H- i', wo first compute the procession, using a and S, 
and then ajjply the proper motion for the interval. 
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^Example X. Given ilia mean place and proper motion o£ 
Polaris for 1765.0, 

a =: Oft 43«> 8 = + 87“ 60' 41". 11, 

rfcc = + 0'.0832, rfS = + 0".00493, 

required tU© mean plaoe for 1900.0. 

The proper motion for the interval is 

+ 0*.08aa X 145 = + 12*.0G, + 0".00408 x 145 = + 0",71, 

Therefore 

tti = Oft 43“* 64M7, 8i = + 87“ 69' 41".82. 

Employing these values in the example of § 46 we find 
for 1900.0 

a' = 1ft 22“ 33* .70, 8' := + 88“ 40' 20"-06. 

JUxample 2. The in’Oper motion of 0 Orio7iis referred 
to the equator of 1900.0 is 

da = - 0*.00027, d8 = - 0".0001. 

Inolnde tlris in the example of § 47 . 

The proper motion for the interval is 

- 0*,00027 X 60 = - 0*.013, - 0".00C1 x 60 = - 0".30i 

and therefore the mean place for 1900.0 is 

a' = 5ft 0’» 48*.89B, S' = - 8“ 19' l'^74. 

6J5. Ifc will be seen from § 47 that the annual precession 
is a slowly varying quantity. The ohange iii its value in 
one hundred years is called the secular variation of the 
procession. Many star catalogues give not only the moan 
place and annual precession of a star but also the secular 
variation and proper motion. In this case the reduction 
of the moan place of a star from the epoch of the catalogue 
1800 + * to that for 1800 -f is readily made. Eor if 

p = the annual precossion for tlio epoch 1800 -H 
Aj» = the secular variation, 

/* = the x>voper motion, 
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tho reduction for the interval t' ~~ t will bo the annual 
change for the middle time multiplied by t, or 




- 0* 



which form applies both to the rig'ht ascension and the 
declination. 


Mxmn'ple, X^atvoomh*8 Standard Stars gives tlie follow^ 
ing data for /3 Orionis for tho epoch 18»50.0 : 

a s= 7*'' 10* .866, 8 = - 8® 22' 44:".7f, 

+ 2* .87009, /j' =. H- 4".6687, . 

A;j = + 0* .00100, Ap' = - O'MIOO, 

p = - 0* .00026, fi' ~ - o".ooai i 

required the mean place for 1900.0. 

Substituting these values in (148) we obtain the reduc- 
tions for the interval, 

for «; + 111^088, for S, + 223".00, 

and the mean place for 1900.0 is, therefore, 

a' = 6* a'« 13«.801, S' = - S'* lO' 1".76. 


63^ Many of the j^roblems of practical astronomy require 
that the star places be deteiwined with the utmost accu- 
racy. In suoli cases the observed coordinates of a star — 
along with the corresponding epochs of observation — are 
taken from as many star catalogues as possible, and com- 
bined by the method of least squares in order to determine 
the most probable values of the star’s coordinates and 
proper motion at any given time. 

Suppose the star’s right ascension is given in n cata- 
logues for the epochs of observation ij, # 5 , and that 

tlio most j>robable values of the right ascension and iircq^er 
motion are required for tho epoch t. Apjaly the precession 
up to the instant t to each of the catalogue positions, and 
let the results be ttj, O 3 , a„. Let be the star’s proper 

motion referred to the equator of the epoch t, and let a "bo 
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its right ascension at that instant, 
n equations 

a = ai + fi(t ~ /,), 
a~ag /jl(( ~ q), 

i*i r t t tit tii 

a = a„ '1- fj>(i ~ (n) I 


Then we shall have 

"i 

' 

(U4) 


from which to determine the most probable values of /j, 
and a. To put them in a form suitable for solution, let 
fji>Q and «() be approximate values of /a and a, and let A/tt 
and Aa be small corrections to them, so that 

^ + A/x, (145) 

a — ttQ + Aa ; (140) 

then equations (144) take the form 


A/x. - Aa -i- [ai ■+(t~ f,) - a^] = 0, 

**■ m r * 

(i — 1») Afx — Aa'h [a,, 4- (< -- /„) = 0. ^ 



The solution of these equations will determine the most 
probable values of Afx and Aa, and therefore of /x and a, 
provided the n original data are of equal weight. If they 
are of unequal weight, as will almost always bo the case, 
the equations (147) must be multiplied by the proper 
factors before proceeding to their solution. 

The weights to bo assigned to the data from different 
star catalogues dejwud upon many factors. Tlio instru- 
ments and methods of observation and reduction employed, 
the skill of the observers, and the number of individual 
observations upon whioh the printed results depend, must 
all ho taken into aooount. Familiarity with the methods 
of meridian circle woik and oonsiderable experience with 
star catalogues are necessary acquirements for assigning 
suitable weights. Tables of relative weights in the intro- 
ductions to JVewoomd’.s Standard Stars and Soss*s 500 
Stars will serve as partial guides. 



60 


rilACTICAIi ASTRONOMY 


JSxample. It is required to determine tlie moat probable 
values of the right ascension and the proper motion in riglib 
ascension of B Trianguliy for the epoch 1900.0. 

Observiations of this star are contained in twenty or 
more well-known catalogues. We shall select ten of thoiw» 
as below. The first column contains tho name of the cata- 
logue, the second the epoch of observation, the third the 
catalogue right ascensions corrected for the jprecession up 
to 1900.0, and the fourth the relative weights. Except 
for small errors of observation, the discrepancies in column 




Oatdloguo 

Bpoob of 
Obs^n 

a 

W't 

« 1000. 0 

1 .^ — — , 

Auwers-Bvaclloy 

1 1756.0 

2'* U)’“ 48*.72 

2 

1 

r ■ 

2* lO"' 6r*.03 

Lalando 

1704.0 

47.03 

1 

60 .00 

Pia7//1 

1812.1) 

48 .42 

1 

60 .43 

Abo 

' 1830.0 

' 50 .43 

2 

60.30 

Edinburgh 

1842.0 

51 .03 

O 

60 .03 

Pulkowa 

1855.0 

1 52 .72 


60 .30 

Green wicli H. 7 yr. 

1804.0 

53 .03 

4 

60 .04 

» 0 yr. 

1872.0 

64.30 

1 4 

60 .03 

» 10 yr. 

1880.0 

Ofj .07 

4 

6fl .01 

Cincinnati 

1800.0 

! 

66 .05 

4 

60 .82 

1 


three are due to proper motion. Comparing the first and 
last observations, we find for an approximate value of the 
annual proper motion, != -p 0*.09 ; and therefore fox' an 
apin’oximate value of the right ascension at 1900.0, 
«()== 2^* 10"* 66*,80. We may now write equations (147), 
thus ; 


145.0 Afi - Aa ~ 0.0.5 ~ 0, 1 


9.4 A/* - Aa i 0.00 = 0. J 


(148) 


Multiplying these equations by the square roots of their 
respective weights, and combining them, avo obtain 
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and thence 


+ 04799 Aft, - 1288 Aa - 82.07 = 0,^ 1 


- 1288 Aft, -l- 28 Aa + 0.20 = 0, J 


Aft. = + 0^0010, Aa = + 0<.077. 



Substituting these and fi^ and in (145) and (146), we 
obtain the most probable proper motion and right ascen- 
sion for 1900.0, 

ft. = -l-O'.OO + 0*.0010 = + O'.OOIO, 
a = 2^ 10«' ri0“.80 + 0».077 = 2 lO*" e6».877. 

The last ooUimii of the table above contains the indi- 
vidual right ascensions corrected for proper motion. The 
modern observations are in good agreement. 

An entirely analogous method would be used to deter- 
mine the most probable values of the declination, and the 
proper motion in declination. 


IIBDUOTION TO APPABBNT PLACE 

54. The mean place of a star for the beginning of the 
required year having been obtained by any of tbo above 
methods, it remains to determine its apparent place for 
any given instant. Thus if we desire the aj^x^arent xdace 
for a time t from the beginning of tlie year, we obtain the 
moan place by adding the xirecession and proper motion 
for the interval t, then the true x)laoe by adding the nuta- 
tion, and finally the ax)i)areiit jilaoe by adding the annual 
aberration. The reduction to the moan place could be 
performed as before] wo could determine the nutation by 
evaluating the long and tedious nutation formula!, the 
deduction of Avhioh belongs to xjhysioal astronomy ] and 
we could obtain the annual aberration from equations 
deduced by methods analogous to those of § 38. But 
this process is laborious, and the general equations are 
never used except in a few highly speoialiKed problems. 

* Anollior computor may not oxacUy voproduoo thcao cooAlclonts, on 
account ol nogloctod doolinals. 
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By jutlioioUHly coinbiiiiiig tlio torins of tlie viii’ious for- 
mulas involvod ia tlio roduokioiiy, Bussol was able to pro- 
jjosQ two Biniplo iiucl cloaoly rolatocl methods, wliioh are 
now in ooinmon use. Wo shall consider thoin in the 
following section. 

55. Qiveii the mean ^lace (a, 5) of a stw for the he(fin- 
ning of the yea,i\ required its apparent qilaoe (a\ foi' any 
instant r, ^ 

The reduction is made by the formulas 

a' = a -|- T/A -I- Aa -|- Bh -I- Oc + Dd -[- i?, (IfiO) 

8' = S TfjJ + Aa> + IW + Cc' + Dd’, , ( 1.^)1) 

in which and rfJ represent the projsor motion and A.a 

and the precession in the interval t; Bh + M ixui\ 

BV the nutation, and Og H- J)d and Cd -p Bd^ the annual 
aberration at the instant t. yl, Z>, and IS tiro tlio 

Besselian star-ntimbers. They are functions of tho tinu;. 
The Amorioan Eijliomoris gives their general values on 
p, 280, and tabulates th'e logarithms of yl, i?, <7, and J) for 
every day of tho year on pp. 281“284. Tho value of ff is 
given in tho same xdaoo. It is a slowly varying {luantitj^ 
whoso value never exceeds 0'h06, and it can generally bo 
neglected. 

«, 6, (7, d, a\ h\ o\ and d} are BesseBs star-constants, 
are functions of the star’s place and the obliquity of 
tho Goliptio, and are defined by the equations 

^ = iV w + iV n sill a tan 8, 
h == iV cos a tan 8, 
c := 1^5 COS a sec 8, 

■ 

In some star qataloguoa the logarithms of tho star-oon- 
stants are given for each .star. But these values become 
obsolete in a few years, and must bo computed auow from 
(152), since w, w, a, 8, and e are variable quantities. 


a- 

1/ 


/ 


C 

d' 


n oos a, 

— sin a, 
tan e cos 8 
cos a sin 8. 


sin a sill 8 , 


(ir»2) 



* Soo § d3i footnote, and tho Ainci'lcan Rphcmorls, p. 280. 
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JExam27l6. liequii'ed the apparent place o£ 88 LynciB for 
the upper transit at Ann Arbor, 1891 March 16. 

From the Berliner Jahrbuoh^ p. 180, star 136, we find for 
1891.0, 

a = 0* 12« 3».071, S = + 37“ 16' 48".d8, 

fx= ~ 0.0030, n'= -0 .114. 

Tlio upper transit occurs therefore at Washington side- 
real time 9'* 89’“, or 1*53’“ before mean midnight. Taking 
the values of log A, etc., from the American Epheineris, 
p. 281, for this instant, and the values of log a, etc., from 
the Jahrhtioh^ p. 329, star 136, the computation is con- 
veniently arranged as below. 


log a 

0.5744 

log 6 8.6704,, 

logf 8.7043,, 


log// 8.7485 

log A 

9.022 1„ 

log B 0.0804,, 

log C 1.2722,, 


log D 0.1230 

logo' 

1.1734„ 

log&' 0.8264,, 

logo' 8.7708,, 


logrf' 9.0633,, 


a 

0* 12«> 3*. (571 

8 -5-87° 

iry - 

18".43 


T/A 

- O.OOl 

Tfjl 


0 .02 


Aa 

- 0.395 

Aa' 


1 .67 

■ 

Bb 

-1- 0.148 

Bh' 

"h 

2 .55 


Cc 

+ 1.105 

Cc' 


1. 12 


Dd 

0,075 

Dd' 

— 

0 .00 


A/3 

- 0.003 





a' 

9 12 4.055 

S' +37 

15 

53 .05 


This method of reduction should be employed when the 
star-constants arc given in the catalogues with sufficient 
accuracy, or when the apparent idaces of the same star are 
required for several dates.. 

In using the data of reduction furnished by the British 
and French annuals and catalogues, the comxmtor must be 
careful to follow their formula) ; for while tlie fo7'm of 
reduction usually agrees with the A.merioan and Grormau 
form, the notation is different, 7i and B in the one oorre- 
sxionding to Q and I) respectively in tlie other. This 
ai^dies also to the American Exdiomorls x>i'6vious to 1866. 

(Ji) When the catalogues do not give the values of log 
a, log hf etc., and when only one or two jdacos of the same 
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Hliir art) iloHirod, aiiothor form of roducOion is prefomblo^ 
If wd'imt 

./ 1*B M* '■( 'I' 1*5 h 81(1 // ~ Of 

tj Mill < 1 ■■■■•■ H, h coH II = Df 

1 / ^ ; It vl , t =5 C tan e, 

till! fovitiitijo (IftO) and (161) bocomo 

ii' : : (t I' T/* -I / i*fl (/ niii (O ■)' ft) tan 8 'I- 1*5 A sin (// + a) sec S, ( 1 & 3 ) 

8' : ! 8 •(• r/d •!• </ (HIS (r/ «) H- A {!08(// -I- a) sin S + i cob 8, ( 15 'I) 

in wliidh tlio torni.s involving /, /; and dejiote the pve- 
cdsHion and nutation, and tho terms involving /i, -ffand t, 
tins aiimnd uberratioii. '.riioao auxiliary quantities are 
nail (id the Independent star-numbers. The values of r,/, 
(I, Ilf log//, log and logi arc given in tlio Amerioaii 
Mplannoris, pp, liH6-292, for every day of the year. 

ICmrnjdiu ]i(MHiired tlio apparent place of 88 Lynan for 
Urn ujqier transit at Ann Arbor, 1891 March 16. 


Using the data 

given above: 

, tho computation is con- 

voniently nuido us 

Ijclow, 




a 

yio” r»()' 


0.0387 

a 

&> 12"* 3* .671 

u 

1!1H 1 

cos (0 •(• ft) 

0.0757 


-- 0 .001 

II 

U7d y 



/ 

- 0 .820 



log A 

1.2738 

(1) 

+ 0 .072 

b>K \\ 

H.y2yo 

008 (//*)' a) 

0.7887 

(2) 

-j- 1 <y40 

l<*g ff 

().y:iH7 

sill S 

0.7821 

a' 

9 12 4 .050 

sin (^r -I- u) 

ij.rdyo 

log (4) 

0.8441 



tioi 8 

o.HBiy 



S 4.37‘^16'48".48 


aHdoc 

log i 

0,0000,, 

tfi! 

~ 0 .02 



ooa S 

0,0008 

(3) 

+ 4 .12 

log 

H.8280 



(4) 

+ 0 .08 

IcK A 

1 .a733 



(5) 

— 0 .46 

sin (II f ft) 

O.BOflO 




+ 87 16 58 .OO- 

sett 8 

0.0002 


■ 



lot? (a) 

0.0088 

h 
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56. The degree of refinement to whioh an observer can 
carry the determination of his geographical position and 
the time depends in general upon the accuracy attainable 
in pointing the teleecope^ in reading the angle corresponding 
to the pointing, and in noting the time when the pointing 
is made, In general, these elements are of equal impor- 
tanoe. For any given telescope the first depends upon the 
observer’s skill. In the last two the observer’s skill is 
assisted by various mechanical devices. 


THE VETlNIEft 

67. An angle is usually measured by means of a gradu- 
ated circle, or arc, whose contor is at the vortex of the 
angle, Closely fitting upon the graduated arc of the cir- 
cle and conterod with it is another graduated arc called the 
vernier, which is so arranged upon an arm that it moves 
with reference to the circle when the telescope moves. 
The angle to bo read is that included between the zero 

line of the circle and the zei’o line of the vernier. The 

zero of the vernier generally falls between two oonseoutivo 
lines on the circle. The angle corresponding to the whole 
divisions can be road off at once ; it is the object of the 
vernior to determine the fractional part of a division. It 
is so constructed that n of its divisions are equal in length 
to ^ 2 . — 1 divisions of the circle. If wo let 

d = the value of one division of tlie circle, 

d‘ ~ the value of one division of the vernier, 

r 05 
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we have 


(n — 1) f/ = nd'f 


or 


d~d’ = 

n 


(105) 


d — d! is called the least reading of the vernisr. If now 
the zero of the vernier coincides with a division lino of tlio 
cirolej the circle reading gives the required angle at once. 
If the first vernier line coincides with a circle line, the zero 
of the vernier is ~ beyond a lino of the circle, and the 
circle reading must be increased by the least reading. If 
the second vernier line is in coincidence with a circle lino, 
the circle reading must be increased by twice the least 
reading, etc. For example, the value of a division of a 
sextant is lOh and 60 divisions of the vernier oorrespoiid 
in length to 59 divisions of the circle. The least reading 
is 10^ -f- 60 = 10^^ In measuring a certain angle the zero 
of the vernier fell between 42° 40^ and 42° 60', and tlio 
26th line of the vernier coincided Avith a circle line. Tlio 
required I’eadiug was 42° 40' 26 x 10" = 42° 44' 20'^ 

In practice no computation is necessary, the nuinbor of 
minutes being read directly from tlie numbers on tho 
vernier. 

In the accompanying illustration, Fig, 10, there are two 
verniers on the upper graduated arc : one to tho light of 



tw 

Fia. 10 


A, to be used in connection with the inner set of readings 
on the circle numbered from 10° to the right; and. one to 
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the left of A, to bo used in connootiou with the outor set 
of readings numbered from 140'* to the loft, Fi’cm 066) 

The 


it follows that the least reading of the vornier is 1/, 
circle reading, when read to the right, is 27° 26' ; 
when read to the loft, 162° 35'. 


and 


THE BEADING MICllOSOOPE 

68. In very flue instruments the vernier is replaced by a 
reading microscope, the optical axis of which is perpendicu- 
lar to the x>lano of the graduated oirolo. The microsooxie 
is 80 adjusted that an imago of tho oirolo divisions is 
formed in the common focus of tho objective and ocular. 
In tho same fooxis aro two very fine micrometer wires 
(usually sxnder-lines) which either intersoot at a small 
angle, or are jjarallel and close together. In tho former 
ease they are adjusted so that the bisector of their acute 
angle is parallel to the image of the circle graduation soon 
nearest tho middle of the field of view. In tho latter 
oaso, tho wiros aro made X)arallel to that graduation. Tlioy 
are stretched upon a light frame whose idano is parallel to 
the jihuie of tho circle, and which may bo moved in that 
j>lano in tho direction at right angles to tho visible gradu- 
ations by turning a fino micrometer screw. Fixed upon 
tho projecting end of tho screw is a cylindrical micrometer 
head. This is graduated into either 60 or 100 jiarts, and 
is used for reading tlio fraotional jjarts of a revolution of tho 
sorow, tiio readings being made with roferonoe to a fixed 
index. Tho whole number of rovolutions is indiontod 
by a soalo somotimos insido, and again outside, of tho 
microscope. 

Lot tho micromotor screw bo turnod until tho wiros aro 
ill tho oonter of tho field of view and tho reading of tho 
head is zero. Tho jiosition now ocoupiod by the wiros is 
tho fixed point of roferonco. The angle to be road is that 
included between tho zero of tho circle and this xioint. If 
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now the micrometei’ wires coiiioido with a lino of the oirclo 


the desired rending is obtained at oiioo. If they fall be- 
yond a certain line the fractional part of a division is dotor- 
mined by moving the wires from the point of reforenco 
into coincidence with the lino. Tlio distance passed over 
is determined from the micrometer reading and the Icnown 
angular value of one revolution of the screw. In setting 
the wires upon any circle division the last motion of the 
micrometer should always take phieo in the direction whicli 
increases the tension on the screw, any lost or dead motion 
being thereby avoided. 

When the microscope is properly adjusted, a whole 
number of revolutions of the screw corrcsx3onds exactly to 
the distance between two oonsecutivo circle lines. But 
this adjustment once made does not remain, owing to 
changes of temperature, eto. . It is customary to dctorniino 
from time to time the error whicli arises and allow for it. 
This is called the error of runs. Its valuo is found by 
measuring several divisions in different parts of the oirclo, 
and taking the mean of the measures in order to oliniinato 
as far as possible any errors in tbe graduations. To illus- 
trate, let a circle be graduated to 6^, let the valuo of a revo- 
lution of the screw be and let the head be divided into 00 
parts. Let the mean of the measures of ton divisions in 
different parts of the circle be 4 revolutions and 66.4 divi- 
sions of the head. The correction for runs per minute of 
arc is -f- 3'^6 -s- 6 = + 0'',72. Let an angle bo read snob 
that the circle graduation employed is 62° 16^, and the 
micrometer reading is 2 rev. 16.9 div. The correction for 
runs is 4- B',6, and the angle is, therefore, 62° 17^ 17^^. 6. 

Better still, the program of observations should if pos- 
sible include microscope readings on the two graduations 
nearest the middle of the field of view, instead of on only 
one. Each complete observatioji would then furnish the 
necessary data to correct for error of runs. This oxcollonb 
practice is illustrated in the example of § 126.- 
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EOOElSTXtlOITY 

69. The center of the arm which carries the vernier or 
microscope never ooincicles ex- 
actly with the center of the 
circle, and an error due to this 
eccentricity enters into the circle 
readings. In Fig. 11, let C be 
the center of the vernier, G the 
center of the circle, I) the point 
of intersection of the circle 1>AB 
and the line GG' produced, A 
the zero point of the circle, and 
ili" the position of the vernier or 
microscope. The pointing of 
the telescope corresponds to the 
direction G^M while the circle reading refers to the direc- 
tion OM. The correction for eccentricity is therefore 
a MO. To find its value let 

i 

CC = tho eGceuh'icity = e, 

e = tile correction for eccentricity = CM C, 

M — tlio observed reading of the circle, 
li = tho true reading of tlio circle = Jl/ + e, 
r — the radius of the circle, 

= the angle DCA^ 

V = the angle A CM. 

From the triangle O' MO wo can write 

rsinc = cain (y + rf). 

Since r is tho unit radius and e is very small, we have 

e = sin (v +'»;) = e" sin (v + 17), (1^0) 

Sitl X 

and tho true reading of the circle is 

R = M + e" sin (v + 1?). ( 167 ) 

The vernier arm MG' is often produced to the oppo- 
site point of the oirclo, which call M', and carries another 
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vernier or microscope. The minutes and soooiul.s of tbo 

circle reading at this point being obtained (a second vernier 
is not necessary to determine the degrees), if is tlio 
observed reading, the true reading li is given by 

n = M> + e" sill ( 180 ^ -I- V H- 1?) - M> - c" sin (i^ -|- tj). 

Combining this with (167) we have 

ie = 'I- 5 


from which it appears that tlie oeoontricity is fully elimi- 
nated by taking the mean of two readings 180° apart. It 
can be shown also that it is eliminated by using tho moan 
reading of any number of equidistant microscopes. 


'THK MIOBOMRTI5R 

60. If the angle between two points is smaller than tbo 

angular diameter of the field of tho telescope, it is most 

easily and accurately measured by means of a micromotor. 

This is the same in princqdo as that used on the readings 

microscope, save that tho movable wire is usually composed 

of a single thread, and is generally accoinjianied by other 

wires. There is usually one fixed wire parallel to tbo 

movable wire, and often at least one transverse fixed wire 

perpendicular to it. The arrangement of tbo wires varies 

to meet the requirements of different x>robloms and tho 

preferences of the observers. The plane of tho wires is iii 

the common focal plane of the objeotivo and oyopieoo of tlio 
telescope. 

The micrometer is so construc^d that it oaii bo, mid 
always is, rotated about the line of sight until the raioroiii- 
eter wire is perpendicular to the plane of the angle Avhiidi 
it is desired to measure. In the transit instrumont the 
movable wire of the micrometer is vortical, and in the 
zenith telescope it is horizontal. [See § 110, and Fig. 20.] 
The modern meridian circle is provided with both hori- 
zontal and vertical micrometer wires. The filar microiu- 
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eter of an equatorial telescope is arranged so that the wires 
can he turned into any position, and their direction may 


be determined by means 
of a graduated position 
circle. 

Figure 12 represents 
the filar micrometer of the 
l2-inoh equatorial of the p 
Xiick Observatory, by Al- 
■van Clark & Sons. The' 
wires are in the box iS, 
To render them visible at 
night, they are illumi- 
nated hy the lamp L, sup- 
ported by tile framework 
tTQJiPV (designed by 
Burnham), and counter- 
balanced by IHP, The 
graduated position cii’cle 
JCY remains fixed with 
reference to the telescope, 
whereas the micrometer 
box (and the illuminating 
ai>paratus) may be ro- 
tated about the line of 
sight so as to place the 
• wires in any direction. 
Their direction will be 
indicated by the circle 
reading.^ at JC and Y. 
Further, by turning the 
screw the miorome- 





ter box, with the entire 
system of wires, can be 

moved in a direction parallel to the micrometer sci'ew. 
The system of wires may therefore be given motions 


TH33 MIOBOMETEB, 


ri 


eter of an equatorial telescope is arranged so that the wires 
can be turned into any position) and their direction may 


be determined by means 
of a graduated position 
circle. 

li’igurG 12 represents 
the hlar micrometer of the 
12-inch equatorial of the fi 
Lick Observatory, by Al- 
van Clark & Sons, The’ 
wires are in the box /S'. 
To render them visible at 
night, they are illumi- 
nated hy the lamp JS, sup- 
ported by the framework 
JQMP V (designed by 
Burnham), and counter- 
balanoed by IJUs', The 
graduated position circle 
JT Y remains fixed with 
reference to the telescope, 
whereas the micrometer 
box (and the illuminating 
apparatus) may be ro- 
tated about the line of 
sight so as to place the 
wires in any direction. 
Their direction will be 
indicated by the circle 
readings at X and Y, 
Further, by turning the 
screw MJS^ the microme- 
ter box, with the entire 
system of wires, oan be 



Pio. 12 


moved in a direction parallel to the micrometer screw. 


The system of wires may therefore be given niotions 
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vei’nier or microscope. The minutes and seconds of the 
circle reading at this point being obtained (a second vernier 
is not necessary to determine the degrees), if is the 
observed reading, the true reading It is given by 

R = M' 4- e" sin ri80^ + v + n") = M> - e" sin (v + v). 


Combining this with (167) we have 

i? = 1 (M + ilf 0 i 0^’^) 

from which it appears that the eccentricit}’’ is fully elimi- 
nated by taking the mean of two readings 180° apart. It 
can be shown also that it is eliminated by using the moan 
reading of any number of equidistant microscopes. 


THIS MICROMETER 

60. If the angle between two points is smaller tbani the 
angular diameter of the field of the telescope, it is most 
easily and accurately measured by means of a micrometer. 
This is the same in principle as that used on the reading 
microscope, save that the movable wire is usually composed 
of a single thread, and is generally accompanied by other 
wires. There is usually one fixed wire parallel to the 
movable wire, and often at least one transverse fixed wire 
perpendicular to it. The arrangement of the wires varies 
to meet the requirements of different problems and tho 
preferences of the observers. The plane of the wires is in 
the common focal plane of the objective and eyepiece of tho 
telescope. 

The micrometer is so constructed that it can be, and 

■ 

always is, rotated about the line of sight until the microm- 
eter wire is perpendicular to the plane of the angle whicli 
it is desired to measure. In the transit instrument tlio 
movable wire of the micrometer is vertical, and in tho 
zenith telescope it is horizontal. [See § 110, and Fig, 20.] 
The modern meridian circle is provided with both hori- 
zontal and vertical micrometer wires. The filar mlcroin- 
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of rotation and translation, to place them in any desired 
position. 

The light from the lamp shines in the direction TO^ but 
at the intersection of the tubes TO and N3T there is a 
diagonal mirror which reflects the light in the direction 
NV into the box. The mirror may be rotated by rotating 
a disk at 0, thereby varying the intensity of the illumina- 
tion. If electric lighting is available, the oil lamp L should 
be replaced by a small incandescent lamp, as fclio latter has 
many practical advantages. 

The distance between the fixed and the movable wir-es, 
or the distance between two positions of the movable wire, 
is indicated by the readings of the graduated inicromoter 
heads d and J5; A. indicating the whole number of revolu- 
tions of the screw and B the fractional parts of a revolu- 
tion. To convert the readings into arc, the value of one 
revolution of the screw must be known. 

61. The angular value of a revolution of the micrometer 
scrett) depends upon the pitch of the screw and the focal 
length of the telescope. It may be found in several 
ways. ■ 

(a) By the methods described above, measure with the 
micrometer any known angle, and divide tlio number of 
second.s in the angle by the corresponding number of revo- 
lutions of the screw. 

If the distance between two stars is measured, the true 
distance must be corrected for refraction. A method com- 
monly employed consists in measuring the difference of 
declination of two selected stars in the Pleiades when that 
group is near the meridian. The positions of these stars 
are very accurately known, pairs of almost any desired 

distance can be selected, and the correction for refraotion 
is simple, 

^ Example. The difference of declination of f? X/rsce 
ris and Oroombridge 1564 was measured with tlic movable 
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Avire of the mioroineter of the zenith telescope of the 
Detroit Observatory, when on the meridian, 1891 March 
28. Barom. 29.206 inches, Att, Therm. 58®, 0 F,, Ext. 
Therm. 37®. 6 F. Find the value of a revolution of the 
screw. Tlie zenith level was read immediately after bisect- 
ing each star, in order to correct for any change in the 
pointing of the telescope. The value of one division 
of the level is 2'' ,74. 




Btfvr 

a 

j 

Appaifliit d 

1 " ■ 

Xovol 

1 

Hioromotor 

n 

s 

rf Urs(e AfuJ. 

0*25"' 

+ 70” 18' 40". 5 

. 40.4 

18.7 

48.500 

Or. 15(14. 

9 33 

1 

+ GO 44 12 .7 

41.S 

19.6 ' 

2.508 




The correction for level (see § 62) is 0,85fZ=2'^3, by 
which amount the measured distance must be increased, or 
the difference of the declinations decreased. The differ- 
ence of the refractions for the two stars is by which 
amount the difforonoc of the declinations must be decreased. 
The corrected difference of the declinations is 34' 80". 8. 
Therefore the value of one revolution of the screw is 

45".06. 

(b') A more accurate value is obtained by observations 
on one of the close oiroumpolar stars. The tolosoopo is 
directed so that the star is just entering the iield, and will 
bo carried tlirough the center by its diurnal motion. The 
rnioromoter. is revolved so that the micrometer wire will be 
perpendicular to the diurnal motion of the star when it 
passes through the center of the field. The wire is sot just 
in advance of the star, the time of transit of the star over it 
is noted, and the miorometor is read. The wire is moved 
forward one revolution, or a part of a revolution, and the 
transit observed as before. In this way the observations 
are carried nearly across the field. 
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wire of tlio micrometer of the zenith telescope of tho 
Detroit Observatory, when on the meridian, 1891 March 
28. Barom. 29.206 inches, Att. Therm, 68°.0 F., Ext. 
Therm. 37°. 5 F. Find the value of a revolution of the 
screw. The zenith level was read immediately after bisect- 
ing each star, in order to correct for any change in the 
pointing of the telescope. The value of one division 
of the level is 2'b74. 


Star 

a 

Apparent t 

: IlQVOl 

...J 

Mloromotor 

n 

1 

1 

3 

d Urste ifuj- 
Gr. IfiG'l. 

9ft 2S''' 

9 88 

+ 70'* 18' 40".5 
+ 09 44 12 .7 

40.4 

41. .8 

i8.r ' 

19.5 

48.500 
, 9.698 


The correction for level (see § 62) is 0.85cZ=2".3, by 
which amount tho measured distance must be increased, or 
the difference of tho declinations decreased. The differ- 
ence of the refractions for the two stars is 0^'.7, by which 
amount the difference of tho declinations must be decreased. 
The corrected difference of tho deolinations is 34' 30". 8. 
Therefore the value of one rovolution of tho screw is 
46". 05. 


(6) A more accurate value is obtained by observations 
on one of the close cirouinpolar stars. The telescope is 
directed so that tho star is just entering tho field, and will 
bo earned through tho center by its diurnal motion. Tho 
micrometer, is revolved so that tho micrometer wire will ho 
perpendicular to tho diurnal motion of tho star when it 
passes through tho center of tho field, The wire is sot just 
in advance of the star, the time of transit of tho star over it 


is noted, and tho micrometer is road. The wire is moved 
forward one rovolution, or a part of a revolution, and the 
transit observed as before. In this way tho observations 
are carried neai'ly across tho field. 
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of rotation and translation, to place them in any desired 
position. 

The light from the lamp shines in the direction TOs but 
at the intersection of the tubes TO and NM there is a 
diagonal mirror which reflects the light in the direction 
into the box. The mirror may be rotated by rotating 
a disk at 0, thereby varying the intensity of the illumina- 
tion. If electric lighting is available, the oil lamp L should 
be replaced by a small incandescent lamp, as the latter has 
many practical advantages. 

The distance between the fixed and the movable wires, 
or the distance between two positions of the movable wire, 
is indicated the readings of the graduated micrometer 
heads ^ and JB\ jL indicating the whole number of revolu- 
tions of the screw and JS the fractional parts of a revolu- 
tion. To convert the readings into arc, the value of one 
revolution of the screw must be known. 

61. The angular value of a revolution of the micrometer 
Bcreio depends upon the pitch of the screw and the fooal 
length of the telesoojje. It may be found in several 
ways. 

(a) By the methods described above, measure with the 
micrometer any known angle, and divide the number of 
seconds in the angle by the corresponding number of revo- 
lutions of the screw. 

If the distance between two stars is measured, the true 
distance must be corrected for refraction. A method com- 
monly employed consists in measuring the difference of 
decimation of two selected stars in the Pleiades when that 

m. 

group is near the meridian. The positions of these stars 
are very accurately known, pairs of almost any desired 
distance can be seleoted, and the correction for refraction 
is simple. 

Example. The difference of declination of d Utscb 
ns and Q-roomhridge 1664 was measured with the movable 
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In Fig. IS, let P be the pole, PP the observe l’’s mericlitaii, 
8S' the diurnal path of a star, the position of the 

micrometer wire when at the center 
of the field and coinoideut with an 
hour circle PM^ and BS’ (^parallel to 
AS^ any other position of the wire. 
Now let Wq be the micrometor reading, 
the hour angle, and Tq the sidereal 
time when the star is at and lot m, 
t and T bo the corresponding quanti- 
ties when the star is at and let 
R be the value of one revolution of 
the screw. Through 8’ pass an arc 
of a great cii'cle 8 G perpendicular to T'hen in the 

triangle QS^P^ right-angled at (7, we have 

CS' ~ (?n - mo)i2, S'P = 90“ - g, CPS' = t~i^ = 

and we can write 

I 

sill [(jB ~ = sill {T — 7o) cos 8 ; 

or, since (m — m^R is always a small angle, 



M' M E 

Fm. 13 


2' 


T 


cn 


0»-»io)K = sin(r-yo)J; 


cos 8 


sill V 


(ICO) 


Similarly, for another obeorvatioii, 

(m' - m^)R ^ siii(3V- 

sill 1 

Combining these to eliminate the zero point. 


?n)iJ = sin (T 


T '1 ^ _ sin (T 


rff \ COS 8 


( 100 ) 


from which the value of R is obtained. The micrometer 
readings are supposed to increase with the time. 

ihe times of transit are supposed to be noted, by means 
of a sidereal time-piece. If its rate [§ 64] is large it must 
be allowed for. If a mean time-piece is used the intervals 
T~ must be converted into sidereal intervals. 

The resulting value of R is slightly in error on account 
of lefi action, since the star is observed at unoq^ual zenith 
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distances. But the effect of refraction is inappreciable if 
the observations are made near the meridian. The method 
is therefore advantageous for a meridian instrument with 
a micrometer in right ascension, the star being observed 
at vil>per or lower culmination. However, any variations 
in the azimuth or level constants of the instrument during 
the progress of the observations introduce errors in the 
results. If a and 5 ai’e the values of these oonstants at 
the beginning of the series of transits and and 6' their 
values at the close of the series, it can be shown from the 
theory of the transit instrument [Chapter VH], that the 
distance between the first and last positions of the wires 
has been decreased by the quan'tity 


(rt' — a) sin ((/> 8) + (&' — ?») cos ^ 8), (161) 


which divided by the corresponding difference of the 
miorometer readings is the correction to the value of one 
revolution of the screw. The lower signs are for lower 
culmination. 

The azimuth constants are determined b}' observing suit- 
able pairs of stars befoi*e and after the series of miorometer 
transits is taken, according to the methods described latoi*. 
The level constants are determined b)"' the method of § {52. 
The variations of azimuth and level may be considered to 
bo uniform and proportional to the time. For a meridian 
instrument iiroporly mounted the variation of the azimuth 
may bo neglected without a sacrifloo of aocuraoy. 


Example, PolaH% was observed at lower culmination 
at Ann Arbor, 1891 March 28, to detennino the value of a 
revolution of the micrometer screw of the transit instru- 
ment. The micrometer was set at every throe-tenths of a 
revolution, and one hundred and fifty transits observed. 
The times were noted by means of a sidereal ohronoinoter 
which was 16"* 80*.6 slow. The position of Polaris was 


a ™ Ift 17'" 40 *.0, 


S = + 88'*43'40".20, 
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Araericaii Ephemeris, j)‘ 304; and thoreforo tliQ chronom- 
eter time of lower oulmination was l.\ =■ 13* 1”* 16*.4, A few 
of the observations and their reduction are g’ivon below. 
Each printed observation is the mean of three consecutive 
original observations. 


m 

T 


2o 

2 

1 

^0 

- 

2o) 

(m — Wd) J{ 

7*8 

12» 23'« 

I2*.3 

— as™ 

3M 

— IP 

30^ 

4fl".5 

9.218194« , 

~ 7r>tS".83 

8.7 

26 

17 .3 

36 

58 .1 

8 

69 

31 

*6 

9.1!1395H,, 

7ia 

.75 

9.G 

27 

19 .7 

33 

66 ,7 

8 

28 

66 

.6 

9.15a7t)3n 

076 

.40 

10.5 

29 

22 .0 

81 

63 ,4 

7 

68 

21 

.0 

9.142070,, 

036 

.16 

11.4 

31 

22 .0 

29 

53 .4 

7 

28 

21 

.0 

9.114111,. 

5i)6 

.55 

20.4 

61 

42 .3 

9 

33 ,1 

2 

23 

10 

,6 

8.019771,, 

liK) 

.30 

21.3 

63 

43 .3 

7 

32 .1 

1 

63 

1 

.6 

8,6HS«22„ 

ino 

.63 

22.2 

65 

40 .0 

6 

29.4 • 

1 

22 

21 

,0 

8.37934«« 

109 

ah) 

23.1 

67 

47 .0 

3 

28 ,4 

0 

62 

0 

.0 

8.180547,, 

09 

.40 

24,0 1 

69 

50 .0 

- 1 

25 .4 


21 

21 

.0 

7.793121,. 

™ 2H 

,44 

25.8 

13 3 

64 .0 

+ 2 

38 Ai 

+ 0 

30 

39 

,0 

8.0(!19tiO 

'1- r>2 

.82. 

2G,7 

6 

S3 .3 

4 

42 .9 

1 

10 

43 

,6 

8,313208 

94 

.21 

27,6 

7 

69 .5 

6 

44 .1 

1 

41 

1 

,6 

8.408003 

l.'M 

,66 

28.S 

10 

0 .0 

8 

44.0 1 

2 

11 

9 

.0 

8.581380 

174 

M 

20,4 

12 

3 .7 

10 

48 3 

4 

42 

4 

,6 

8.073281 

215 

*82 

38.4 

32 

24 .3 

31 

8 ,9 

7 

47 

13 

,6 

9.131914: 

020 


3£).3 

31 

28 .3 

33 

12 ,9 

8 

18 

13 

.6 

9.159080 

cei 

.20 

40,2 

36 

32 .2 

35 

IG ,8 

8 

49 

12 

*0 

9.186620 i 

702 

*1G 

41,1 

38 

34 ,0 

37 

18 ,6 

0 

19 

39 

•0 

9.209723 ; 

742 

,21 

42,0 

13 40 

37 .0 

’4" 30 

21 ,G 

4" 0 

60 

24 

*0 

9.2327.36 

-h7H2 

.00 


Subtracting the Isfc from the 11th, the 2d from the 12th, 
etc., we have 


m* 7n 

— «i)if 

n 

V 

^3 

18.0 

809".G5 

44"*9S1 

~ 0'^066 

o.on-12 

18*0 

809 ,96 

44 .908 

-- 0 .018 

0.0023 

18,0 

810 .01 

45 .001 

— 0 .015 

0.0020 

18.0 

809 .31 

44 .989 

— 0 .067 

0*0033 

13.0 

811 .37 

46 .076 

+ 0 .030 

0.0009 

18.0 

j 811 .28 

46 .071 

+ 0 .025 

0*0000 

18.0 

811 .73 

46 .090 

+ 0 .050 

0.0025 

18.0 

811 .85 

46 .103 

+ 0 .067 

0*0033 

18,0 

811 .61 

46 *089 

-i-O .043 

o.ooia 

18.0 

311 ,04 

46 .058 

+ 0 .012 

0*0001 


R « 45 .046 ZSuO =i 0.020S 


Probable error * = ± 0.674-v pQ ^ = ± 0".010. 

\ 10 X 9 

* See Appendix C, § 1, 
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By reducing blie whole series of transits the value of R 
and its probable error were found to be 

R = ‘ 16".059 ± 0 ". 006 . 

From the level readings 5 = -|- 6'M7i V =s + 7'^06i and 
from observations for azimuth on /S Gassiopeio^ and 4jr. 
RraGoniB^ and on 6 Bootis and 86 II, Qassiopeice^ «=* — 9^M6, 

8'^79. Substituting these in (161) and dividing' 


a 


f 


by 46, the difference of the first and last mioi'ometer read- 
ings of the original series, wo have as a correction to Ry 
— 0".017, and therefore 

li = 45'^049 ± 0 ". 000 . 

There is an indication from the individual results for R 
that its value increases as the micrometer readings in- 
crease. This irregularity shov\kl bo fully investigated by 
further observations, and allowed for in refined observa- 
tions if it proves to bo real. 

The value of a revolution is affected by changes of tein- 
j)oraturo. To dotorraine the rate of change, observations 
should be made on several nights at widely different tem- 
peratures. If R is the value of a revolution at the toinpor- 
atui’O T, Rq the value at the temperature 60°, and x the 
correction to Rq for a rise of 1° in temperature, each night’s 
observations furnish an equation of the form 


li = Ro + (t - 50 “) 


( 102 ) 


The solution of these equations by the method of least 
squares gives the most probable values of and a;, and 
therefore of R. 

(c) If the mioronioter is designed for tho measnvomont 
of zenith distancos, the micrometer wire being horizontal, 
tho observations are made at the time of tho star’s greatest 
western or eastern elongation. This occurs when the vor- 
tical circle of tho star is tangent to its diurnal circle. At 
this time tho mioromotor wire is parallel to tho star’s hour 
oirole. If tQ and 2 'q refer to tho instant of greatest 
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elongation and w, t and T to any other iiistanfc> the 
formula (159) is applicable to this case. At t>he instant 
of greatest elongation the parallaotio angle Fig. is 

90° for western and 270° for eastern elongation, and we 
can write 


cos = tan ^ cot 8, cos = sin ^ cosec S, Tl, = a -f # 0 * (1 


Set the telescope at the zenith distance when the star 
is just entering the instrument. FTote the time of transit 
over the micrometer wire; and, as before, carry the ob- 
servations nearly across the held. Any change in the 
zenith distance of the telescope during the progress of 
the observations will affect the resulting value of 72. The 
amount of the change will he indicated by the zenith level 
and can he allowed for. The level should be read after 
each transit is observed. If Iq is the level reading, i.e, the 
reading of the level scale for the middle of the bubble, at 
the time I the level reading at the time and d the 
value in arc of a division of the level, we have 

(m - R = ± sin (T - T^) ^ . ( 104 ) 

sm X 

■ 

and for another observation 


(w' - Hio) R = ± Bin (T - r.) -5 


cos 8 


sin 1'^ 


+ (i' - lo') d. 


Whence 

(m'-ni)ft = isin {T sm(r- (// 


l)(l, 



in which the lower sign is for eastern elongation. The 

micrometer readings are supposed to increase with the 

time for western elongations, and the level readings to 
increase towards the north. 

The resulting value of 72 must be corrected for refrac- 
tion. From the values of and 72, the zenith distances 
coiiesponding to the first and last observations can be 
obtained, and thence the refractions. The difference of 
the refractions divided by the difference of the first and 
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last mioi’omoter readings is the amount by which the value 
of It must be decreased. 

If both .72 and d are unknown a close approximation to 
the value of It is obtained by neglecting the term (V — Vyd, 
With this value of i2 the value of d is computed (§ 68) 
and substituted in (165), and the corrected value of 11 
obtained. A. second ajjproximation to the value of d will 
rarely be required. 


3 HEVEL 

62. The spirit level consists of a sealed glass tube, 
ground on the upper interior surface to the arc of a circle 
of largo radius, and nearly filled with alcohol or ether. 
The bubble of air occupying the apace not filled by the 
liquid is always at the highest i)oiut of the curve. There- 
fore a change in the relative elevations of the ends of the 
tube causes a motion of tbo bubble, the amount of which is 
read from a scale marked on the surface of the glass. The 
level is adapted to the determination of the angle which a 
nearly horizontal lino makes with the horizon, or the very 
small angle moved over by a telescope. 

The level tube is mounted and attached to astronomical 
instruments in various ways, but there is one general 
method of using it, Lot the divisions of tho scale bo num- 
bered ill botli dirootions from zoro at tho center, and lot d 
bo the angular value of one division. If tho level be placed 
on a truly horizontal line — say, for convonionoe, an east 
and west line — the center of tho bubble will not be at zero, 
owing to the non-adjustment of tho level. If the cen- 
ter is ai divisions from the zoro, tho error of the level is 
dx. Lot tlio level ho placed on a lino inclined to the hori- 
zon at an angle and lot the reading of the west end of 
the bubble bo and the cast end e. Then tho elevation of 
the west end of the line is given by 


h = — e)d dxt 
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Now let the level be reversed in direction aucl let the rend- 
ing of the west end be w’ and the east end Then 

h ~ i — a'^fl i (lx. 

Combining these values of b we have 

h = J[(?o + w') - (e - 1 - c')]rf 5 (Klfi) 

from which it appears that the error of the level is eliinh 
nated by reversing. A positive value of b will indicate 
that the west end of the line is higher than hire east ond. 

Whenever it is possible the level should be rend several 
times, the same number of readings being irtade in each 
position, — level direct and level reversedy — care being 
taken to remove the level from its bearing's after each 
reading is made. 

Example. The inclination of the axis of a transit instru- 
ment is req[uired from the following level I’oadings, the 
. value of one division being l'\88. 


Direct 

lO 

14.1 

e 

0.7 

53 . 4 r 

Reversed 

12.0 

11.1 

Se 41.8 

Reversed 

19.7 

11.1 

* 8 )+ 11.0 

Direct 

14.0 

0.0 

+ . 1 . d 5 

Sum 

63.4 

41.8 



The axis makes an angle -{- 1.46 d =* + 2'^.73 with tho 
horizon, the west end being higher than the OEist. 

In case the zero of the scale is at one end of tho tube 
and the numbers increase continuously to the other, — 
which is a better system, — we can show that 

h = + e) - (io> + (107) 

in which the readings w and e for level direct correspond 

to that position of the level for which the readings increasG 
toward the west. 


noticed that there are two complete ohservatione for do- 
termimng 6, and hence the divisor is 8 instead of 4, 
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JSxample. Find the inclination of the axis of a transit 
instrument from the following level readings, the value of 
one division being 2^'.743. 

Divecb Roversed 

w 85.4 to' 1G.3 05,3 

c 12.4 e' 39.4 111.0 

w 35.3 to' 16.4 8)-lG.3 

e 12.2 c' 39.5 - 2.037 

Sum 95.3 Sum 111.0 

The axis makes an angle “■ 2.037 cZ = — 5^^69 with the 
horizon, the west end being lower than the east. 


63. The value of one division of the level is determined 
best by means of a level-trier. This consists of a hori- 
ssontal bar supported at one end by two bearing.s and at 
the other by a vertical micrometer screw. The level is 
placed on the bar and the readings o£ the micrometer 
and bubble are noted. The screw is now turned and the 


bubble moves to a new position. The readings of the 
micrometer and bubble are again noted. The angle moved 
over by the bar is known from the lengtli of the bar, the 
pitch of the screw and the dilferonoe o£ the micrometer 
reading.^; whence the angular value o£ one division of the 
level may bo obtained. If possible, tho determination of 
tho value of a division should bo made after tho level tube 
is fixed in its flnal mounting, rather than before. 

The essential principles of the level-trier are well illuB- 
tratod by Fig. 14, 



Fie. M 


In the absence of a level-trier, an accurate determination 
of tho value of a division can be obtained bj' moans of any 
telescoi)o xirovided with a micrometer in zenith distance. 
To illustrate, lot an eqvmtorial bo directed ux)on a distant 

a 
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terrestrial mark directly north or south of it, and adjust the 
micrometer wire to parallelism with the horizon. Mount 
the level upon the telescoj>o so that tho vortical piano pass- 
ing through tho axis of the level tube is parallel to tho 
line of sight, and so that tho bubble is at one ond of tlio 
scale. The mark is bisected by tho micromotor wire, and 
the level and micrometer readings noted. Tho instrnniont 
is then turned through an angle such that tho bubble 
moves to the other end of tho scale. The mark is again 
bisected by the wire, and the level and micromotor I’oad- 
ings noted as before. Tho difference of tho lovol readings 
corresponds to the difference of the micromotor readiiigs, 
whence the value of one division of tho level can bo 
obtained from the known vidue of a revolution of tho 

micrometer screw. In general, such observations are host 
made on an overcast day. 

JSxamplQ, The following observations were made Ihjb- 
riiary 19, 1891, to determine tlie valiio of a division of tho 
striding level of the Detroit Observatory transit instru- 
ment, the telescope being directed to a distant mark. Tlio 
value of one revolution of the screw is 45".042. Find the 
value of a division of the level. 


liUVEL 

MlCnOMETBK 

DirpRBUNOKS 

d 

i 

n 

8 

LoyoI 

MCloromotor 

20.0 

l.l 

17.019 

- 

• 


2.0 

20.0 

17.791 

18,0 

0,772 

1 

1 

0.0408 n 

1.8 

20.2 

17.773 

■ 



20.6 

1.4 

16.909 

18.8 

0.804 

0.0428 R 


I he mean of eighteen observations gave «?= 0.0417 R 
± 0.0004 R = F^878 ± 0'^018. 

The level tube should be thoroughly tested, for irregu- 
larity of curvature before using. If different portions of a. 
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level give sensibly different values for a division of the 
scale, it should not be used in refined observations. 

The value of a division should also be determined at two 
or inore very different temperatures in order that a tem- 
perature correction may be introduced if necessary, • 

A level should be adjusted by the vertical adjusting 
screws so that tlie bubble will stand near the center of the 
tube when the level is placed on a horizontal line. It 
should be adjusted by the horizontal screws so that the 
axis of the tube will be parallel to the line whose inclina- 
tion is to be measured. This adjustment is tested by 
revolving the level slightly about its bearings. If the 
readings are diffei*ent when the level is equally displaced 
in opposite directions from the vertical piano through its 
bearings, the adjustment is not perfect. 


THE OHRONOMETBR 

64. A chronometer is a largo and carefully constructed 
watch which is “compensated” so that changes of tem- 
perature have very little effect on the time in which the 
balance-wheel vibrates. It is a very accurate time-piece 
when properly handled, comparing favorably with the 
astronoinical clock, and being portable is adapted to field 
work and navigation. 

The chronometer correction is the amount whioh must be 
added to tlie reading of the chronometer face to obtain the 
oorreot time. It is + when the chronometer is slow. The 
chronometer rate is tlio daily increase of the ohronomotor 
correction. It is -{- when the chronometer is losing. It is 
not necessary that the oorrootion and rate be small, though 
it is convouioiit to have the rate loss than ± 6^ a day. The 
test of a good time-piece lies in the uniformity of its rate. 
The oorrection is generally allowed to increase indefinitely. 

The chronometer oorrection is obtained by observations 
on the celestial objects, or by comparison with a time-piece 
whoso coiTootion is known. If 
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ATj = the ohrononioter correction at a tinrc 
AT" = the oliroiiomoter covrectioii at a tiino 3', 
Sr = the ohronomoter rate, 


we determine the rate j)er unit of time by 




Conversely, if the rate and the correotion at the instant 
Tq are known, the coi’rection at the instant {P is given by 

Ar = A3’„ + hTiT - 2o). (1«9) 

k 

]Sxampl&^ The oorrection to chronomoter T. S. & J. D. 
Negus, no. 721, was + 16"* 19*.6 at Ann Arbor moan time 
1891 March 25'" ll^ and + 16"‘ 66*.6 at 1891 April 11'*. 
Find the daily rate, and the correction at 1891 Mai'cli 
28** 1&\ 

From (168) we find the daily rate S^=-l-S*.61. Sub- 
stituting this and March 28*^ 18'* iii (169) we find 


AT = -f- IC™ 19^G + 3*.61 X,3.08 + 10’» S0».G. 

The above equations are true only when the rate is con- 
stant for the interval T— Such constancy can bo 
assumed for an interval of a feAv days in the case of the 
best ohronornetei*a ; but when great acouraoy is required 
the interval between observations for determining' ohro- 
noineter correction should be as small as pos.sible. 

When several chronometers are employed, the coiTGotion 
to one is obtained by observation ; and to the others, by 
comparison with the first. If two ohroiiometers wliich 
keep the same kind of time are compared, it will generally 
happen that they do not beat together. The fraction of a 
second by which one beats later than the other can be esti- 
mated after some practice to within 0*.l or 0*,2, so that the 

correction can he obtained to that degree of accuracy by 
this method. 

When a sidereal chronometer is compared with a mean 
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time chronometer the degree of accuracy is higher. If the 
chronometers tick half seconds, the beats of the two will 


coincide once in every 183^, since in this interval sidereal 
time gains 0*.6 on mean solar. Tlie ear is capable of esti- 
mating the coinoidence of the beats within 0*.02 or 0*.03. 
When the coincidence occurs the observer notes the times 


indicated by the two chronometers. The correction to the 
one being known, a satisfactory value of the correction to 
the other is readily obtained. 

When a chronograph [§ 68] is at hand and the ohrouoiu- 
eters are provided with break-oirouits (or niake-oircuits), 
the comparisons are most conveniently and aoourabely 
made by placing the two chronometers in the chronograph 
circuit. Tlie beats are recorded on the chronograph sheet 
and the distance between them can he measured very 
accurately by moans of a scale. 

It is convenient to use a sidereal oliroiionieter when 


making observations on the stars, planets, comets, etc., and 
a mean time chronometer when making observations on 
the sun. 


65. The observer should be able to “carry the boat” of! 
the chronometer; that is, mentally to count the successive 
seconds from the tick of the chroiiomoter without look- 
ing at it. An experienced observer will carry the boat 
for several minutes, estimate the times of transits of a 
star over several wires (or other similar phenomena) to 
tenths of seconds, and write thorn on a slip of paper with- 
out taking his oyo from the toloscope ! then, still carrying 
the beat, he will look at the Gho'onometcr faae to verify his 
count. This is called the “eye and ear method” of observ- 
ing, and it is very important that every obsorvor should bo 
able to employ it with accuracy and perfect case. 

66. To obtain the best results from a clironometor the 
following precepts should bo rigidly observed: 

(a) It should be wound at regular intervals. If it re- 
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quires winding daily it should always ho wound at the 
same hour p£ the day; otherwise an unused part of the 
spring is brought into action and a ohango of rate results. 

(6) The hands should not bo moved forward oftoiior 
than is necessary, and they should not be moved backward. 

(o) A chronometer on shipboard should be allowed to 
swing freely in its gimbals^ so that it may always take a 
horizontal position; but when carried about on land it 
should he clamped so as to avoid tho violent oscillations 
due to the sudden motions it receives, 

(d) It should be kept in a dry place; as nearly at a 
uniform temperature as possible; away from magiie tie in- 
fluences; and when at rest should always be in tho same 
position with respect to the points of the compass. 

(e) All quick motions should he avoided: in partionlar, 
it should never be rotated rapidly about its vertical axis. 

C/) hi out'of-door use it should be protected from the 
direct rays of the sun, 

67, The astronomical clock is a finely constructed clock 
whose pendulum is compensated for changes of tompeiu- 
ture. Its rate is in general more uniform than that of a 
chronometer. It is one of the fixed instruments of an 
observatory, and to that extent the remarks concerning 
the chronometer are applieahle to it, 

THE OHROHOanAl^H 

68. The chronograph is a mechanical device for recording 
the instant when an observation is made. A, sheet of paper 
on which the record is to he made is wrapped around a 
metallic cylinder which is caused to rotate once per minute 
by means of clock-work, A pen is attached to the armaturo 
o an electro-magnet in such a way as to press its point on 

le moving paper. The magnet is carried slowly along tho 
cy incei ly a sciew, so that the pen traces a coiitiuuoUB 
spna on the paper. The electro-magnet is placed in an 
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electric circuit wliicli passes througcli tlio cliTonoiu etor oi* 
clock (or, better, through a relay connected with tlio time- 
piece), in such a way that the circuit is broken for an 
instant at the beginning of every second, or every other 
second. At each of these instants the Gleotro-magiiot 
releases the armature carrying the pen, the moves 


laterally for the moment, and in this way the 8x>ii’al is 
graduated by notches to seconds of time. One notch is 
usually omitted at the beginning of each minute, to assist 


in identifying the seconds. One of the circuit wires passes 
through a signal-key held in the observer’s hand. When a 


star, for examx)le, is being observed be x>ressos the key at 
the exact instant when the star is oros.sing a wiro, thus 


breaking the circuit and making the record on the chrono- 
grax)h sheet. The beats of the chronometer being recorded 
on the sheet, the chronometer time when the koy was 
Xn’essed can he read from the sheet by means of a scale 
with great accuracy, and at the observer’s leisure. 

When the chronograx)h is first set in motion the observer 
records in his note-book the hour, minute, and second cor- 


responding to a certain marked notch on the sheet, which 
serves as a reference jjoint in identifying all the notclios 
on the sheet. 


In some forms of the chronograx)h the circuit is made by 
pressing the key, but the hreah-cireuit is preferable. 

The chronographic method is generally preferable to the 
eye and ear method because it relieves the mind from 
carrying the beat and making the record, thus allowing 
greater cai’e to be given to other j)arts of the observation, 
and because more observations can be made in a given time. 
But in the case of transit observations of slowly-moving 
stars, or of very faint objects, and in many forms of miorom- 
eter observations, the eye and ear method is at least as 
satisfactory as the chronographic method. 

A very common form of chronograph is illustrated in 
l?ig. 15. 
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THE SEXTANT 


69. The sextant is an instrument especially adapted to 
the determination of time, latitude and longitude when 
extreme accuracy is not required, as in navigation and 
exploration. It con- 
sists essentially of a 
brass frame ABO^ 

Fig. 16, bearing a 
graduated arc A (7, a 
telescope MF^ whoso 
lino of sight is paral- 
lel to the plane of 
the graduated arc, 
and the mirrors II 
and i>, whose planes 
are perpendicular to 
the plane of the arc. 

The mirror By called 
the index-glass, is 
fixed to the index- 

arm BBy which roYolvoa about B at the center of the are, 
and which carries a vernier at B. The mirror Ily called 
the horizon-glass, is attached to the frame. The lower 
half of it is silvered, the upper half is loft clear. 

I'iguro 17 illustrates a form of sextant commonly em- 
ployed. The special parts already described in connec- 
tion with Fig. 16 will be recognized without difliciilty. 

The telescope is mounted on an adjustable standard so 

80 
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that its distance from the frame of the sextant may be varied 
by turning tlio *scrGW-liCiid. fit fcb6 lowsr 6iid. of tlio stfiii clfiic ► 
Colored or neutral-tint glasses are mounted in froait of 
the index and horizon glasses. They can be rotated into the 
paths of the sun’s rays to protect the eyes while observing 
that body. A dense neutral -tint glass may also be screwed 



Fig, 17 


over the eyepiece for the same purpose. The telescope 
may be replaced by others of different magnifying power, 
or by one with a larger object-glass for observing stars, — 
shown in the foreground of the out. The index-arm car- 
rying the vernier is furnished with a clainp and slow 
motion for setting accurately to any desired reading. 

70. To illustrate the method of using a sextant and the 
principles involved, let it he required to measure the angle 
between the stars S and S'. The instrument is hold 
in the hand and the telescope directed to the star S. The 
ray passes through the unsilvered part of AT and forms 
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a direet image of tlie star at the focus JP. The sextant is 
revolved about the line of sight until its piano xiasses 
through the other star S' . The index-arm is then moved 
until the rejlected image of S' is brought into tho Held and 
nearly in coincidence with the direct imago of S. The 
index-arm is clamped and the two images bi^ought into 
perfect coincidence by turning the slow-niotion or tangent 
screw. If the instrument is xierfeotly constructed and 
adjusted, the required angle is given at once by the oirole 
reading. The ray of light S'D^ which forms the reflected 
image at traverses the path S' .D-FIl-JIF, being re- 
flected by the two mirrors J) and JI, When the direct 
and reflected images coincide, the angle between tho 
stars is twice the angle between the miiTors. That is, 
SFS'==2IILI>, since tho angle 

% 

SES' = 180° ~ EDff ~ EIID 

^ 180° - 2 IJT>L ~ 2 (^LIID - fl0°) 

= 2 (180° - II D L ~ LIIV) 

~ 2 IIIJX 


If A is tho x)osition of tho zero of the vornior when the 

two mirrors are parallel, and B its position when tho two 

images coincide, wo have 
■ 


SES' = 2 IILD ^2ADB = 2An, ( 170 ) 

It thus appears that to enable us to read tho required angle 
directly from the circle, the circle reading must be twice 
the corresponding arc, Thus, tho 120“ lino is really only 
60“ from the 0° line [or a sextant, hence tho name]. 

An improved form of tho sextant is known as tho Pistor 
and Martins (Berlin) prismatic sextant, in whi<di tho hori- 
zon glass is roidacod by a totally refloctiiig xn’isni, oceuxiying 
a somewhat diilerent jiosition on tho frame of tho instru- 
ment. Among otiior advantages of tliti jn’ismatic form it 
can be used for measuring angles up to 180“ and oven 
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greater ; whereas with the common form, the angle is lim- 
ited to about 140®. 

r 

Again, the graduated are is sometimes a complete circle, 
iu whioh case the index arm is extended over a diameter 
of the circle and carries a vernier on each extremity. Such 
an instrument is called a reflecting circle or prismatic circle 
according as a horizon-glass or prism is used. Its chief 
advantage lies in the fact that the eooeii tricity is eliminated 
by the use of two verniers 180® apart. 

71. In order to obtain good results with the sextant, 
the instrument must be accurately adjusted, and tho tele- 
scope focused; the direct and reflected images should bo 
about equally bright; and several complete observations 
should be made, the mean of all being used. 

The images are made equally bright by moving tho tele- 
scope from or toward tho frame, so as to utilize more or 
less of the light passing through the transi^aront part of 
the horizon-glass, or by placing colored-glass shades in 

front of the index-glass. 

In measuring the angular distance between two stars, 
the images of the stars are brought into exact coincidence 
in the middle of the field of view. In measuring the dis- 
tance of the moon fi’om a star, the star is brought into 
coincidence with that point of the moon’s bright limb 
whioh lies in the great circle joining tho star and tho 
center of the moon. The measured distance is then in- 
creased or decreased by the moon’s semidiameter [§§ 83, 
34, 36], In the ease of the sun and moon tlie images of 
the nearest limbs are made to coincide, and the measured 
distance is increased by the seraidiametera of both objects, 
as before. Hesults obtained in this way, when coiTected 

for any instrumental erroi'S, are the apparent distances be- 
tween the objects, 

The sextant is also used for measuring the apparent alti- 
tudes of the heavenly bodies. At sea the telescope is 
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directed to that point oE the horizon which is below the 
object. The reflected image is brought into contact with 
the horizon lino. When the instrument is vibrated slightly 
about the line of sight the image should describe a curve 
tangent to the horizon. The sextant reading corrected for 
instrumental errors and the dip of the horizon [§ 32] is the - 
apparent altitude. If the object is the sun, the lower or 
upper limb is made tangent to the horizon ; if the moon, 
the bright limb ; and the sextant readings must be further 
corrected for semidiameter. 

For observing altitudes on land an artificial horizon is 
used. This is a shallow basin of mercury over which is 
placed a roof, made of two plates of glass set at right 
angles to eacli other in a frame, to j)rotect the mercury 
from agitation by air currents. The mercury forms a very 
perfect horizontal mirror which reflects the rays of light 
from the star. If the observer places his eye at some point 
in a reflected ray, he will see an imago of the star in the 
mercury, whose angle of depression below the horizon is 
equal to the altitude of the star above the horizon. If 
then he direots tlio telescope to the image in the mercury, 
and brings the two images into coincidence as before, the 
sextant reading oorrooted for instrumental errors i.s double 
the apparent altitude of the star. The sun’s altitude is 
measured by making the two images tangent exteimally. 
The corrected sextant reading is double the altitude of 
the lower or upper limb, according as the nearest or far- 
thest limbs of the sun and its image in the mercury are 
observed. 

The double altitudes of stars near the meridian are 
changing slowly, and the images are brought into contact 
by means of the slow-motion screw as before. But the 
double altitudes of stars at a distance from the moiidian 
are changing rapidly, and another method is used. To 
illustrate, suppose the sun is observed for time when it is 
east of the meridian, and the altitude therefore increasing. 
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The upper limb is observed first. The two images are 
brought into the iiold and the index moved, forward until 
the sextant reading is from 10' to 20' greater than the 
double altitude of the upper limb, and the instrument is 
clamped. The images are now slightly separated, but they 
are approaching. When they become tangent, the ob- 
server notes the time on the chronometer and reads tho 
circle. The index is again moved forward from 10' to 20' 
and the contact observed as before. ' In this way, four or 
five observations are made. The double diameter of the 
sun is about 64', and for observing the lower limb tho 
index is quickly moved backward about 45', The two 
images now overlap, but they are separating, and the time 
is noted when they become tangent. Moving the index 

forward as before, four or five observations are made on 
the lower limb. 

p 

If the sun is observed west of the meridian, tho altitudes 
of the lower limb should be measured first. 

72. The faces of the glass in the horizon roof should bo 
perfectly parallel. If tliey are prismatic tho observed alti- 
tudes are erroneous. The error is eliminated by observing 
one-half of a set of altitudes with the roof in one position 
and the other half with the roof in tho reversed position, 
and taking the mean of all. Likewise, the glass screens 

in fi’ont of the index and hoi'izoii glasses must have 
parallel faces. 

The surface of the mercury can be freed froin impurities 

y adding a little tin-foil. The amalgam which foinns can 

e drawn to one side of the basin by means of a card, leav- 
ing a perfectly bright surface. 


adjustments OIP THE SEXTANT? 

73. (^a) The index-glasB. Place the sextant on a table,, 
unscrew the telescope and set it in a vertical position on 

gia uate arc. Place the eye near the index-glass 



ADJUSTMENTS OF THE SEXTANT 


96 


and move the index-avin toward the telescope until the 
telescope and its image in the mirror are seen very nearly 
in coincidence. Their corresponding outlines will he 
allel if the index- glass is perpendicular to the plane of the 
arc. If they are not parallel, the glass is removed and one 
of the points against which it rests is lilod down the projjor 
amount. The axis of the telescope is here assumed to be 
perpendicular to the x>hwiG of the end on which it rests. 
This can be tested by rotating the telesooxie about its axis 
and noticing whether the angle between the tube and its 
image varies. The telescope should be set at the mean of 
the two positions which give the maximum and minimum 
values of this anglo.* **^ 

(&) The horiton-glass. The index-glass having been 
adjusted, the telescoxie is directed to a star and tbe index- 
arm is brought near the zero of the arc. If the liorizon- 
glass is parallel to the index-glass the reflected image will 
pass through the direct imago when the index-arm is moved 
slowly to and fro. If it passes on either side of the direct 
imago the horizon-glass needs adjustment. This is done 
by turning the screws provided for the purpose. 

(o') The teleB002)6, Two jjarallel wires are plaoecl in the 
telescope tube. These are made x>arallel to the plane of 
the sextant by I’ovolviug the tube containing them. Tlio 
lino of sight is the line joining a point midway between 
these wires and the center of tlio object glass. This sliouhl 
bo jjarallel to the xflano of the sextant. To tost the adjust- 
ment, select two well-defined objects about 120 ** axmrt, 
and bring the two images into coinoidonoo on one of the 
side wires, and then move the sextant so as to bring the 
images on tbe other wire. If the images still coincide, 
the line of sight needs no adjustment. If the images are 
soxiarated, the collar which holds the tolesoopo is shifted 
by moans of screws until the adjustment is satisfactory. 

* Tills mothoil was propoaod by Profosaov J. M. Soliaoborlo t The 

Sivleveal Mesaeiiyev^ May, 1888, 
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CORIIROTIONS TO SBXTANT READINGS 

74. The mdex correction. It is soon from (170) that 
all angles measured with the sextant are rookoueil from 
vi, the point where the zero of the vornior fulls wliou tho 
two mirrors are parallel ; whereas tho oirolo readings are 
measured from 0°. The index correction is tho reading 0° 
(or 360“) minus the reading at -4. I^et it bo reprosontod 
by I. The value of I can bo reduced to zero by rotating 
slightly the horizon-glass by means of screws provided 
for that purpose. But this adjustment is very liable to 
derangement, and it is customary to determine 1 every 
time the sextant is used and apply it to all tho sextant 
readings. 

(«) To determine T for correcting stellar observations, 
point the telescope to a star and bring the direct and 
reflected images into coincidence. Let the sextant reading 
be 72. . The index correction is given by 

7 = O'* - 22. (171) 

Example. Determine I from tho following readings; 

359'’ 50' 0" 360® 66' 60" 

66 10 60 10 

65 50 66 66 

The mean of the six readings is 869“ 66' 69". 2, and 
therefore 

I = 300° - 369° 55' 69".2 := + 4' 0".8. 

(6) For reducing solar observations, point the telescope 
to the sun and bring the direct and reflected images exter- 
nally tangent to each other and read the circle. Then 
move the reflected image over the direct image until they 
are again externally tangent, and read the circle. Lot tlio 
readings in the two positions be and 722 , 72i being the 
greater. The reading when the two images coincide is. 
i(72i + 722 ), and the index correction is given by 

7 = 800° - i (iij + 


( 172 ). 
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The observed semidiameter of the sun is given by 

■I 

fif = i (7^1 - (17a) 

To eliminate the effect of refraction the horizontal somi- 

r 

diameter should be measured, 


Example. Find I and S from the following readings on 
the sun made Thursday, 1891 Aj)ril 23. 

3139° 24' 50" 

40 

45 

46 
60 

369 24 40 .0 

I = 300° - 369° 60' 43".6 = H- 3' 10".6. 

S = i (1° 8' 66".0) 16' 68".7. 

From the American Ephemoris, j). 66, S = 16^ 56^'. B. 


300° 28' 36" 

40 

46 

46 

40 

Means 300 28 41 .0 


75. Oorreotimi for eoeentricity , The arc of a aoxtaiit 
being short, the eccentricity cannot be oliminato<X l»y 
moans of two verniers 180° apart, and it must bo invoati- 
gated. This can be done by comparing several aiiglu.s 
measured with the sextant with their known valuos ob- 
tained in some other way. Thus in Fig. 11 tho sox taut 
reading is twice the are AM. Tho true value of tho aiiglo 
is obtained by correcting tbe reading atiliT for ecoentrioity, 
and correcting tho position of A for eccentricity and iiidtix 
error. The true reading at M is given by (167). T'lio 
true reading at tho zero point A is given by 

r 

r 

Tile true value of the angle is 

jR ~ i2(, = M -h sin (v + - e" sin ■>; + /. (174 ) 

But i2 — Bg is the Icnown value of tho angle ; let d ropno- 
sent it. M is tho obseiwed value of tho angle j lot d^ rop- 

H 
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resent it. Now, since an arc on the sextant ia ono-half the 
oorrespoucling' reading’, we have 

i (rf — rf') = e" sin (v + — e” sin vf -h J /, 

which reduces to 


d ~ d' 

If we put 
we have 


= 4 e" cos Qv + yf) sin ^ v + / 

= 4 e" cos f} sin ^ V cos J v — 4 e" sin rj Bin** 4 v + /, 

4 e" coa t) = a*, 4 e" sin tj = y, 

sin 4 V cos i ro: — vy -j- d — d'. 


(nr>) 

(170) 

(n?) 


This equation involves tlii‘ee unknown qnantitioa, a;, y, L 
Three measured angles, each furnishing an ocjuation ol tho 
form (177), are required for the solution of tho prohlom. 

There are several ways in which to olitnin tho value of 
^ at any point of the arc. 

Tor those who have access to a meridian circle, tlie 

most direct process known is the ing'euious mcitliod proposed 

by Professor Schaeberle in der Ast^'anomiseJic Nao]iriohUn>, 
no. 2882. 


(5) When the latitude of the obsorvor and tho timo are 
accurately known, make a series of moaHuroB of tho double 
altitudes of a star just before and aftor ita meridian pus* 
sage. The observed double altitudo at the instant of tran- 
sit is obtained from these measures by tho niotbod of § 87. 
The apparent double altitudo at tbo inafcanb is obtained at 

once from the known declination, latitudo and rofractiou. 
the latter minus the former is d — , 

(c) When the latitude and timo ivro not accurately 
cnowii, measure the distance between two »fcar.4 and com- 
pare It with the known apparent distance. Tho apparent 
distance is found by the method of § 10, using a\ S' and 
« , o as affected by refraction, § 81. 


xamfle. The distance between Aldeharmi and Arctimis 

was “leasmed with tho sextant at Ann Arbor, Thursday 
night, 1891 March 5, as below. ~ 


It ia required to form tho 
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equation (177) for this j)air 

of stars. The ohronometer 

correction Ao was 

+ 16"* 7**. 



Chroiiomotor 

Sextant 

Bai'oin. 

2!) .400 iuelies 

8* 37"' 

26* 

130“ 14' 65" 

Alt. Therm. 

05“,0 l'\ 

45 

30 

14 40 

15xt. Therm. 

1B“.0 l!\ 

48 

30 

14 66 



52 

20 

14 35 

Amor. ICphoin., pp. 322, 340 

66 

20 

14 66 

A lilfiharan 

A ralurm 

0 0 

80 

14 46 

a 4* 29"* 3f)* Mi. 

I 14'* 10"* 4 I« .07 

0 4 

0 

14 40 

S 10“ 17' 22" .7 

10“ 44' 47" .B 

Means 8 62 

5 

130 14 40.4 



^9 + 15 

7 




^97 

19 





With those data wo solve (41), (36), (8G), (S?), (32), 
(95), (100) and (101) as below. 


' A Idehavn » 

A ret fir US 

sin l 

9.1)7127 

0.98007,, 

0 9* 7"' 12* 

O'* 7"* 12* 

cos t/» 

9.8091 6 

9.80916 

0 4 20 81) 

14 10 42 

coseo z 

0.04 042 

0.03729 

t 4 37 83 

IB 60 30 

oosee q 

0.11310 

0.10089,, 

t 09“ 23' 16" 

284" 7' 30" 

log 1 

o.uooou 

0.00000 

f/>42 10 47 

42 10 47 



oot<l> 0.04130 

0.04180 

True « 03" 68' 41" 

00" 36' 42" 

Gosi 9.64000 

0.38740 

Moan rorr. 

1 no 

2 11 

A 21“ 0' 64" 

16“ 1' 24" 

Apj). « 

03 60 46 

00" 33 31 

SlO 17 23 

11) 44 48 

log/* 

1.76821 

1.76700 

taiW 0.42407 

0.69921,, 

tan a 

0.31078 

0.30292 

sin A 9..66768 

0.41300 

A log JiT 

9, 9 1)683 

0.99683 

sec (8 -h A) 0.10027 

0.08642 

Xlog y 

0.02740 

0.02760 

taiwy 0.08262 

‘ (I.09H29,, 

log »’ 

2.0922B 

2.1431)1 

f/60“24' 30" 

308“ 8 i' 10" 

sin n 

9.88081 

0. 80311,, 

cot(S-l-L) 0.11673 

0.16849 

see 8 

0.01780 

0.02082 

cos q 9.80433 

0.79482 

log dn 

1.91)092 

2.00381,, 

8 03“ 68' 41" 

00“ 36' 42" 

cos q 

9.80133 

9.79482 



r/S 

4- V 18".8 

■I- 1' 20". 8 



f/u 

-)• 1 39 .3 

- • 1 66 ,7 


Applying these rofmctiona to the tibtjvo star planes we 

obtain the ooordinates wlnoli are to bo used in solviiitr 
(63), (64), (66) and (60). ^ 
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a! 

07° 20' 29".2 

cot (S" -I- (?) 

9.014833,. 

S' 

16 18 41 .5 

cos ly 

9.842600 

a" 

212 88 83 .8 

d 

130“ 17' 22".4 

8" 

19 40 14 .0 



a" - a' 

145 12 4 .6 

Bin (a" - a') 

0.76C404 

eot S' 

0.633668 

cos S' 

9.089158 

COS — ct ) 

0.914420,. 

COSOC ly 

0.143811 

G 

280° 30' 62".7 

COSQO d 

0.117597 

sin G 

0.974038,, 

logl 

0.000000 

tan (a" — o') 

0.841975,, 



sec (S" -f G) 

0.107540 

(V 

130° 14' 40",4 

tan B' 

0.013559 

d~d' 

H- 2 30 .0 

B' 

45° 63' 39".3 

d - d’ 

-1- 156 .0 


The angle i/ in (177) is not^d\ but one-half the read- 
ing corresponding to the line of the circle with which the 
vernier line coinoideSt and it is the eccentricity of this point 
which enters into d~~cV, For the reading' (^^ = 130° 14^ 50^^ 
the 29th line of the vernier coincides with the circle lino 
135° O', and therefore in this case = S3° 45'. Wo now 


find 


sin i V cos ~ 0.462, sin®4 v = 0,300 ; 


and therefore 


0.462 a: - 0.300 y + I= 160.0. 


Similarly, from the meridian double altitude of a star, 
method (6), and from another pair of stars we find 

0,260 X - 0.072 7J + I ~ 165.0, 

0.117 a; ~ 0.014 + I ~ 171,0. 

Solving these three equations we obtain 


log a; = 1 . 81380 „, log 2/ = 0 , 48905 , 7 = 176.8 ; 

whence, from (176), 

Ij=170n4', 4e» = 41".9. 

While the index correction varies from day to day, and 
its value should be determined by the methods of § 74 
every time the sextant is used, the eccentricity is prno- 
tioally constant. By neglecting the term I in (176) and 
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making 2 v successively 0°, 10®, etc., we obtain the follow- 
ing corrections for eccentricity to be applied to the circle 
readings. 


Circle 

Corroctlon 

Gtrolo 

Oorrootlou 

Circle 

Correction 

0° 

0".0 

60“ 

~ 8".8 

100 ° 

- 10" .2 

10 

- 1 .8 

00 

- 10 6 ' 

110 

- 17 .4 

20 

-;} .0 

70 

-12 .0 

120 

- 18 .5 

30 

fl I'i 

80 

-13 .6 

130 

-10 .4 

40 

-.70 

1 V M 

00 

- 14 .0 ; 

140 

-20 .2 


In order to determine the eccentricity very accurately, 
at least ten known angles distributed uniforinly from 0° 
to 140® should be measured and the resulting equations 
solved by the method of least squares. The observations 
should be made in one night, so that I may bo considered 
constant j but the observer should determine I .several 
times during the night, to make sure that it does not 
change. 

DETERMINATION OP TIME 

76. Time is determined from observations on the heav- 
enly bodies by determining the soi’rections to the chro- 
nometer or other time-piece at the instants when the 
observations are made. 

77. equal altitudes of a jkoed star. When a star is 
from two to four hours oast of the meridian and near tlie 
prime vertioal, ob-sorvo a series of its double altitudes 
[§ 71] with tlio sextant and sidereal chronometer, and lot 
the mean of the chronometer times bo O', Wlion the star 
roaches the same altitude west of the meridian observe its 
double altitudes with the vernier of the sextant sot at the 
same readings as before, in inverted order, and lot the 
mean of the chronometer times be 0", The ohronometer 
time of the star’s meridian passage is ^(0' + 6"), The 
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siclei'eal time of the star’s meridian passage equals its right 
ascension a. The chronometer correotion at this in- 
stant is given by 

A0 = a~i(fl' + e?'0- (178) 

If a mean time chronometer is employed the sidereal 
time a must be converted into mean time. The required 
chronometer correction is then given by (178) as before. 

Example. The following equal altitudes of Aroturua 
were observed with a sextant and sidereal ohronomotor at 
Ann Arbor, Saturday night, 1891 April 26. Requix’od the 
chronometer correction. 


Chronometor 

Sextant 

Clu’oiiometor 

Star Bast 

reading 

Star Woab 

10 » 23*^ 21 * 

81° 30' 0" 

17* 21 '’' 

47* 

24 

14 

81 60 0 

20 

62 

25 

9 

82 10 0 

10 

66 

20 

4 ’ 

82 80 0 

10 

2 

27 

0 

82 60 6 

18 

7' 

0'1O 25 

0.0 


17 10 

60.8 

Amer, Epliem., p. 840, a 

14* 10"' 42*.8 



J 

i (61' + 0 'O 

13 62 83.2 


• 


A6 

-h 18 0 .6 



78. equal altitudes of the sun. Observe as desoribod 
above [§§ 71, 77^ the two sei'ies of equal double altitudes 
of the sun before and after noon, and let the chronometor 
times of the east and west observations be 2^^ and a 
mean time-piece being used. The mean of the two tiuujs 
is not the chronometer time of the sun’s meridian ptissngo, 
since the sun’s declination has changed during the iutorval, 
and a correction must be applied. To find its value lot 

i — half the interval between the observations — 4 ("P' - 2 ^), 

0 = the sun s declination at the observer's apparent noon^ 

rfS the increment of the sun*fl declination in the intovval 

dt — the increment of the suu*s hour angle due to the inoremoiiti oE 

the declination. 



D3J5TI5UMINATION OF , TIMJS 


103 


Differentiating (15)) regarding 5 and t as variables, and 
dividing by 16 to express dt in seconds of time, wo have 

(170) 


(ll — / tan <!> _ tan dS 
V siiw tan //IB* 


by which amount the east and west observed times are 
greater than they would bo if the doolinatioii were con- 
stant and equal to S. TIio ohrononioter time of the sun’s 
meridian passage is therefore | -f- ~ mean 

time of the sun’s meridian passage is the equation of 
time at the observer’s apparent noon j and tlioroforo the 
ohronoraetor correction at the mean of the two times is 


AT = IS - i + T’) + dt. (180) 

If a sidereal chroiioinetor is employed the sidereal inter- 
val t is oonvorted into the equivalent moan interval [§ 16], 
dt is computed from (179) as before and subtraotod from 
the mean of the two times, and the result is the ehronomo- 
tor time of the sun’s meridian passage. Tlio sidereal time 
at this instant is equal to the sun’s aj)paront right asoou- 
sion a, and the ohrojiometor oorrootion is given by 

AO = a- H- 0") + dt, (181) 

Mxam^le- The equal double altitudes of the sun wore 
observed as below at Ann Arbor, Saturday, 1891 April 24- 
26, a sidereal chronometer being used. Ifind the chro- 
nometer correction. 


CJironoinotQX' 

Sextant 

Clivoiioiiiotor 

Sun's 

Sun ICnst 

I’oading 

Sail West 

limb 

22* ew 

4' 

00“ 40' 0" 

6* 42‘« 21* 

Upper 

6 

48 

07 2 0 

41 87 


G 

83 

07 18 0 

40 08 


7 

17 

07 84 0 

40 0 

« 

8 

1 

07 60 0 

80 2(5 

(C 

0 

8.B 

07 10 0 

38 17 

bower 

0 

63 

07 20 0 

87 82 

a 

10 

88 

07 42 0 

80 47.6 

(( 

11 

28 

07 68 0 

80 8 


22 12 

7.5 

08 14 0 

6 86 18.5 

i\ 

& 22 8 

.36.3 


0" 6 88 60.0 
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^ {Q'> ~Q')=t 

3ft 45«. 7..6 

tan 

0.0587 

Kefhiction 

-80 .0 

sin t 

0,0102 

Mean interval t 

3 44 30.6 

(1) 

1.005 

t 

8^.742 

tan 8 

0.3725 

i 

50° S' 

tan t 

0.1732 


42 17 

(2) 

0.168 

Araci*. Epliem., 8 

+ 13 IG 

log [(1) “(2)3 

0.0717 

48".7 X 3.742 = rfS 

+ 182".2 

log t/S 

2.2006 

Sun’s apparent a. 

2ft lit., 3o<.3 

loS iV 

8.8230 

4 + 9”) 

1 63 42.8 

log dt 

1.0501 

fit 

+ 11 .4 




+ 18 7 .0 




79. It may bo convenient to observe the equal altitudes 
in the afternoon of one clay and the forenoon of the next 
day. In this case the mean of the two observed times 
minus the prosier value of dt is the chronometer time of 
the sun’s lower culmination. If t is half the moan tliiio 
interval between the observations it must be replaced by 
180 + i = i' when substituting in (179); and M in (180) 
and a in (ISl) must be increased by 12^'. The chronom- 
eter correction at midnight is then given by (180) and 
(181). 


Example. Find 

the (sidereal) 

oh rono m eter cor re o t i on 

from the following equal altitude observations of tho sun. 

8' 6* SS"* Friday afternoon, 1801 April 24 


0" 22 8 86 .3 Saturday forenoon, 1801 April 24 


4 (0" - 0') = < 

aft 17^ 19».5 

tan th 

0.0 587 

RedtiGtion 

-1 21.6 

w 

sin (' 

0.1)l87„ 

Mean interval i 

8 15 68 ,0 

(1) - 

- l.OOtl 

t 

8*.260 

tan 8 

O.aOGH 

t 

123° 59' 

tail t' 

0.17 13„ 


303 69 

(2) - 

- 0.157 

<f> 

42 17 

log [(1) - ( 2 )] 

0.1)727„ 

8 

+ 13 6 

log </S 

a .007 5 

+ 49".0 X 8.266 = dS 

+ 40 5" ,0 

log* 

8,8a31> 

12» + a 

U'* 9“‘46*.4 

log fit 

1.4011,, 

4 (9’ + 0") 

13 61 16 .8 



fit 

- 26.4 



A0 

+ 18 5 .2 
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dt is a solai' interval, and should be reduced to sidoioal, 
but the correction is small, and for sextant work may bo 
neglected. 


80. The method of determining time by equal altitudes 
possesses the advantages that no corrections are applied 
for index error, eocentricity, refraction, parallax, and semi- 
diameter; any undetermined errors are olinunated from 
the result; and the latitude need not bo acenratoly known. 
However, if the state of the atmosphere and the index 
correction are different at the two times of observation, 
the equal sextant readings do not correspond to equal 
true altitudes, and a oorrection must ho applied. .If the 
index correotiou is greater and the rofractiou loss for the 
west observation than for the oast, the true double altitude 
at the west observation is too great by the difforonco of 
the index corrections and twice the diiforenoc of the re- 
fractions, and the time of the observation must bo increased 
by the interval required for the sextan treading to dooroa.sG 
thafc amount. This interval can bo determined from the 


observations themselves. Thu.s in the examplo of § 78, 
the index correction and rofraotion for the east observation 


were 


and for the west 


I' = -I- }]' 8", r' = 1 ' 2T' j 

/"=-(- S' ai", r"==l'23". 


Tlie true double altitude at the west observation was too 
great by 

(/" - i') + 2 (rf ~ r' ) = + ,17". 

From the observations it is soon that the sextant reading 
decreased 16^ « 960'^ in about 44*. If a; is the oorrootion 
to the time of the west observation, wo have 


000 : 17 ^ 41 


X 


t 


from which a;=0^8. The coiTGctioii to AO is — “0*.4, 
and therefore the true value of the olironomotor oorrootion 
is A$ =» -H 18"' 7\6. 
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81. By a single altitude of a star, A series of double 
altitudes of a star having been observed in quick suooes- 

sion, let 

' ^ ^ 

R = the mean of the sextant readings, 

= the mean of the corresponding chronometer times ; 

and let 

I = the index correction, 
c = the correction for eccentricity, 
h* ~ the apparent altitude of the star, 

= the apparent zenith distance of the star, 
r = the refraction, 

z — the true zenith distance of the star. 

Then 

2A' = i? + /+ e = 2(90° — s')» 

and 

« = 4- r. (18S) 

■■ 

The latitude (f> and the declination S being known, the 
hour angle f is given by (38) or (39). The sidereal tiino 
at the instant of observation is given by $=: a + t, and 
thence the chronometer correction by 

= (184) 

In case a mean time chronometer is used, the sidereal 

■ ■ 

time 6 must be converted into the mean time T and com- 
pared with the chronometer time TK 

In determining the time from single altitudes of the stars 
and the sun, the observations should not ho confined to one 
side of the meridian. It would he well to observe alter- 
nately east and west of the meridian, at about equal alti- 
tudes. A comparison of the results of such a series often 
leads to the detection of systematic errors whose presence 
would not be susx^ected from observations made wholly in 

one part of the sky. 

* 

Mxample, The observations made on Arcturus east of 
the meridian, recorded in § T7, give 

= 10* 25"' 0 *.e, 


R = 82'‘ 10' 0". 
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Find the ohronometer correction. 


It 

sa^io' 0" 

Ilarom. 20.100 inohos 

I 

+ 3 12 

Afct. Thonn. 65“ .OF. 

€ 

- 14 

Ext. Tliorm. i 

10 .OF. 

2A' 

82 12 68 



h> 

41 0 20 

aiu i [z + («/* - S)] 

0.70040 

z' 

48 63 31 

sin 1- - (c/. - S)] 

0.36770 

From (04), r 

1 4 

seoi \z + (r/, + 8)] 

0.24052 


48 64 35 

BOO [s — H- S)] 

0.00286 

4> 

42 10 47 

fctui^ J t 

0.37363 

Ephom., 8 

+ 10 44 62 

tall 1 

0.08070„ 

^ ~ 8 

22 31 66 


164“ 4' 20" 

^ + 8 

02 1 30 

t 

308 8 62 


71 28 30 

t 

20* 32'" 3 6*. 6 

J3 — 5^ 

20 20 40 

Eplmnions, a 

14 10 42 .7 

2 + + S) 

110 60 14 

6 

10 43 18.2 

2 - (<^» + 8) 

-18 7 4 

O' 

10 26 0.0 



Ad 

-1- 18 8 .0 


88. By a single altitude of the sun, I£ 

p = fcho parallax of fcho 8W«, 

S = fcliG somitliainotor of tho huh, 

the true zenith distanoo of the contor of tho Him is given by 

z s} -I- r ~ p it jS’ \ (1 fin) 

S being + or — according as the npjior or lower liml) of 
the sun was observed. The value of t is given by (B8) or 
(89) as before, t is the true tiino whoii the observation 
was made. The moan time T is given by applying the 
equation of time B, If 2" is the ohroiioiuotor time of 
observation, the ohronometer oorroctioii is 

^T==T-T. (180) 

If a sidereal time-pioco is used the mean time 2' must bo 
converted into the sidereal time and tho resulting value 
compared with tho ohronometer time. 

Since tho declination of the sun is olmnging, it is neces- 
sary to know tho ohronometer oorroction within 10* } other- 
wise the value of S taken from tho ISphomoris may bo 
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slightly in error, thus giving only an approximate value 
of the chronometer correction. With this value of the 
chronometer coiTection a more accurate value of S could bo 
found, which substituted in (38) as before would give prac- 
tically exact values of t and the chronometer oorreotion, 

JSxample, The observations made on the sun east of the 
meridian, recorded in § 78, give 

& - 22» 8“' 36 *. 3 , R = 07° 30 ' 0 " . 

The chronometer correction is assumed to be + 3* ; 

required its value furnished by the observations. 


R 

67° 30' 0" 

Barom. 29.036 inches 

I 

+ 3 8 

Att. Therm. 60°.0 P. 


« 

- 12 

Ext. Therm. 47 .8 F. 


2 7^' 

67 32 66 



h! 

33 46 28 

Amer. Ephem., p. 278, tt 

8". 8 

z* 

66 13 82 

lOgTT 

0.044 

r 

1 24 

sin 2 ' 

0.920 

P 

7 

Prom (84), p 

7" 

z 

56 14 49 



' 

42 16 47 

$ 

22* aw 35' 

S + 13 12 63 

Approx. A0 

+ 18 3 

<#,-8 

29 3 64 

Sid. timo 

22 28 38 

<f> + B 

55 20 40 

Mean time Aiaril 24** 20 18 20 • 

z + C<#»“S) 

85 18 48 

Longitude 

5 34 65 


27 10 65 

Gr. mean timo April 26 

1 48 24 

Z *1- "1" S) 

111 44 29 

Ephom., S + 13° 12' 63" 


0 45 9 



sill + 8)3 

0.83097 

True time April 24**20'‘ 

sin i [2 - - 8)3 

9.87104 

Longitncle 

6 84 55.1 

see 4 [2 + (^ + 8)3 

0.26099 

Gr. true timo April 25 

1 51 

sec [2 ■— (<fi + 8)3 

. 0.00001 

Eq. of timo, E 

- 2 4.0 

tan^ i t 

9.45301 

Mean time April 24 

20 13 33.4 

tan ^ t 

9.72050„ 

Sid. time, Q 

22 26 42.4 

hi 

151° 57' 17" 

Chron. time, 0* 

22 S 35 .8 

t 

308 o4 34 


+ 18 7.1 

True time 

20* 15"* 3S*.3 




This value of A0 differs so little from the assumed value 
that another approximation to the value of 8 is unnecessary. 
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Using 4- 3' 21" as the index correction, the value of 
given by tlie afternoon solar observations, § 78, is 
+ 18”* 8M, whioli agrees well with the above, assuming the 
chronometer’s daily rate to bo -|- 3*.(3 [§ 64]. 


83. The error in the hour angle — and tlierefore in the 
time — produced by a small error in the measured altitude 
or in the assumed latitude is readily found. Differentiat- 
ing (15), regarding « and t as variables, and reducing by 
(17), we obtain 

= 


dz 


sin A co.s di 


( 187 ) 


that is, an error dn in the measured Koiiith distance pro- 
duces an error dt in the time, which is least when sin is 
a maximum. Likewise, differentiating (16) with respect 
to <b and ^ and reducing by (10) and (17), we have 



. 

tan j'l cos c/> * 


(1H8) 


that is, an error d^i in the latitude gives rise to an error 
dt in the time, which is small when tan A is largo. 

For those reasons it appears tliat to obtain the best 
determination of time from observed altitudes, tho.so stars 
should bo selected which are as nearly as possible in the 
prime vortical. 
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84. a meridian altitude of a star or the sxin. Observe 
the double altitude of the star or aun at the instant when 
it is on the meridian, and obtain the true zenith distance a 
n-s in §§ 81 and 82. The latitude is then found from 


tA = 8 :1: s, (iW)) 

the upper sign being used for a star south of the zenith, 
the lower sign for a star between the zenith and the polo. 
E'er a star below the pole wo have 


<A = 180* ~ 6 — (100) 
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JSxample^ The double altitude of the sun’s lower limb 
was observed at Ann Arbor at true noon, h’riday, 1891 
Feb. 6, as follows : 

Sextant 03“ 49' 16". Baroin. 28.98 inches, Ext. Therm. 88“ F. 


Find the latitude. 

In this case r is oomimted from (96), and maybe taken 
from the table on page 27. 


R 03“ 49' 16" 
/ + 3 6 

e - 12 

2A' 03 52 8 

A' 31 58 4 
58 3 50 


.2' 58“ 3' 60" 

r 1 28 

23 8 

S - 16 15 

2 67 40 1 

S -15 32 11 

42 16 50 


85. JBy an altitude of a stai\ the time being hnoirni. Hav- 
ing determined the star’s hour angle by (41), the latitude 
is given by (15), in which (jb is the only unknown quantity* 
To determine it, assume 


/sin F = cos 8 cos (101) 

/ cos F sin 8, ' (192) 

and (15) becomes 

cos 2 =/8in (0 + F) = sill 8 sec Fain («/► + F). 

From these we obtain 

tan F = cot 8 cos t, (103) 

sin («^ 4- F) 1 = cos F cos z oosec 8, (104) 

which effect the solution. 

The quadrant of JP is determined by (191) and. (192). 
(^ + F), being determined from its sine, may terminate 
in either of two quadrants, thus giving rise to two values 
of the latitude. That one is selected which agrees besh 
witli the known approximate value of the latitude. 

In case the sun is observed, t is the true solar time. 
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JUxample, Find the latitude from the following double 
altitudes of Polaris observed Saturday, 1891 Ajiril 26 ; 


Chvonometei' 


Sextant 

linroni. 

20.17 inches 


14* DS- 6* 


82” 18' 40" 

Ext. Thorm. 

30°.8 E. 


68 35 


10 

20 




. 58 20 


10 

36 

Amor. Epliom., p. 306 


16 1 0 


20 

40 

a 1*17™ 48* 

Means 

14 67 46 


82 10 

84 

S 88” 

43' 32" 

6' 

14* 67™ 46* 

R 

82° 10' 

3i" 

cot 8 

8.347270 


+ 18 10 

I 

+ 3 

12 

oos^ 

0.030572,, 

0 

15 15 65 

€ 

_ 

15 

F 

368“ 03' 28" 

a 

1 17 48 


82 22 

31 

cos F 

0.000010 

t 

13 68 7 

A' 

4*1 11 

16 

coss 

0.818414 

t 

200" 31' 46" 


48 48 

46 

COHOK 8 

0.000108 



r 

1 

0 

Bin (cj!. + F) 

0.818441 



z 

48 40 

61 

</j -i- R 

41” 10' 20" 


c/, 42 10 62 


86. Differentiating (16) with regard to a and c/» and 
reducing by (16) we obtain 



that is, an error dz in the moasiirotl zenith distance pro- 
duces the minimum error d(f) in the latitude when the star 

■J.F 

is on the meridian. 

Differentiating (16) with regard to c/) and and rod uc- 
ing by (16) and (17), wo obtain 


(l<f> — ~ tan A DOS (/» dt { 

that is, an error dt in the ostimiitod tiino of making tho 
observation gives rise to an orror ckjt in tho latitude, Avhioh 
will be small when tho star is nearly on tho inoridian, and 
equal to zero when A is 0“ or 180®. 

For these reasons it appears that to obtain tho boat de- 
termination of the latitude from observed altitudes, those 
stars should bo soleotod which aro as nearly as possiblo on 
the meridian. 
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87. Sy eiTcwmTifi&Yididn altitudes. Tho method of § 84 
is applicable to only one altitude observed when the star 
is on the meridian. If a series of altitudes be observed 
just before and after meridian passage, — called circum- 
meridian altitudes, — they can be reduced to the equivalent 
meridian altitudes and a quite accurate value of the lati- 
tude obtained by combining the results. Equation (16) 
may be written 

cosz = cos(^ — S) — cos 0 cos 8 2 sin® I, (197) 

If we let be the zenith distanoe of the star when it is on 
the meridian and put y = cos (ft cos 8 2sin^ ^ (197) be- 

comes 

cos z — cos Zff — y. (108) 

Here 3 is a function of y^ and we may write 

Developing this in series by Maelaurin’s formula, restoring 
the value of y, and dividing the abstract terms by sin 1'' to 
express them in seconds of arc, we have 



cos ^ cos 8 
sin Zg 


2 sin® 4 i / cos <jf) cos 8 \® cot z„ 2 sin^ J t 


sill 1" 



sill Zn 


.sill Vf 


I-..., ( 190 ) 


which converges rapidly when t does nob exceed 80”', and 
the star is more than 20° from the zenith, as it will be in 
sextant double altitudes. If wo let 


cos <f> cos 8 
sin Zq 

2 sill® 4 / 

sill 1» 



A®cotzQ — JB, 

2 sin"* 1 1 
“sin 1"” ~ 


(200) 

( 201 ) 


and 1 substitute the resulting value of Zq for « in (189), we 
have 

<1^ = 8 ± « T ± jBrt, (202) 

the lower sign being employed for a star culminating 
between the zenith and the pole. 

When a star is observed near the meridian at lower cul- 
mination, it is convenient to reckon the hour angle from 
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the lower transit, t in (16) must be replaced by 180° + S, 
and we obtain 

cos s=.sin (fi sill S— cos tf> cos S cos i = — co.s (0 + 8) + oos 0 cos 8 2 sin** 1 1. 


Developing this in series as before and substituting tlio 
I'Qsulting value of Zq for z in (190), wo have 


<fi = 180 " - 8 


A m — Bn . 


( 208 ) 


The entire scries of observations is conveniently rGduoocl 
as a single observation by lotting «, m and 7i in (202) and 
(203) represent the arithmetical moans of the values of 
these quantities for the individual observations. 

The values of m and n are tabulated in the Appendix, 
Table III, with the argument t. 

An approximate value of </j is required in coinputing A. 
This may bo obtained by the method of § 84, from the 
observation made nearest tlio meridian. 

If the sun is observed, the declination is taken from tho 
Ephomoris for the instant of each observation in ease the 
observations are roduoed separately, and for tho mean of 
the times in ease they are reduced collootivoly. 

If a star is observed witli a sidereal ehronomotor, the 
hour anglo.s t are tho intervals between eaoh oKservod time 
and the ehronomotor time, of tho star’s transit. 

If a star is olworvod with a nioau time chronoinoter, tho 
intervals must be roduoed from mean to sidereal intervals 
before entering Table III for m and «. 

If tho sun is observed with a moan time ehronomotor, tho 
intervals shonld bo rodiiood to apparent solar intorvals by 
correcting for the change in the otpiation of time during 
the intorvals. This, howovor,, will never exceed 0".6, and 
may ho neglected in sextant observations. 

If tho sun is observed with a sidereal ehronomotor, tlio 
intorvals must ho reduced to moan solar intervals and 
thence to apparent solar. 

If tho rate of tho ehronomotor is largo it must ho allowed, 
for. 
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Example, Wednesday, 1891 April 8, at Ji place in lati- 
tude about 42° 17' and longitude 5'* 34"' 65® the following 
double altitudes of the sun were observed with a sextant 
and sidereal chronometer. Baroin. 29.373 inches, Att, 
Therm. 66° F., Ext. Therm. 42° ,6 F. Eoquiretl the lati- 
tude. [Each printed observation is the mean of three 
consecutive original observations.] 


Limb 

Sextant 

Ohronomotor 

Sidereal t 

Solar t 

^ m 

i 

71 

Upper 

109° 

B8' 

33".7 


31“' 

28*.0 , 

■ 

10»' 

69^2 

— 10'’» 

1 

77«".6 

1*M7 

Lower 

109 

4 

40 

,0 ! 


34 

61.0 


16 

36.2 

— 16 

33 ,6 

1 G38 

J 

0 

.TO 


109 

14 

6 

.2 : 


38 

48 .3 

— 

12 

43.0 

— 12 

41 .8 

316 

A 

0 

,21 

Upper 

110 

26 

10 

.2 


42 

42 .3 


8 

44 ,9 

— 8 

43.6 

140 

.6 

0 

.OB 

a 

110 

29 

39 

.0 


46 

44 .7 

— 

6 

42.6 

c 

41 .0 

03 

.(i 

0 

.01 

Lower 

109 

27 

27 

.5 


40 

.30.7 


1 

66 .6 

— 1 

56.2 

7 

A 

0 

.00 

r c 

109 

27 

43 

.7 


63 

0,7 

+ 

X 

42 ,5 

-f 1 

42 .2 

! 5 

.7 

0 

,00 

Upper 

110 

29 

0 

.0 

0 

67 

36 .0 

+ 

6 

8.8 

-h 0 

7.8 

7.3 

.8 

0 

.(U 

44 

110 

21 

61 

.2 

1 

2 

66 .0 

+ 

11 

28 .8 

11 

26 .9 

257 

.3 

0 

/i(3 

Lower 

109 

11 

33 

.7 


r> 

46.7 

+ 

14 

10 .6 

-1-14 

17 .2 

400 

.fi 

0 

.39 

[f 

109 

2 

27 

.7 


0 

12 .3 

+ 

17 

46 .1 

+ 17 

42 ,2 

015 

.0 

0 

.92 

Upper 

]109 

6fi 

20 

.0 

1 

1 

13 

33.7 

+ 

21 

(j ly 

-h21 

3.0 

861) 

.4 

1 

.83 


101 ) 43 .2 + 0 . 33 .0 ;««) .7 0 AH 


Apiiarciit Hmo of apparent noon 
Equation of timo 
Mean time of apparent noon 
Sidereal time of apparent noon 
Chrono meter correction 
Chronometer timo of apparent noon 


0 * 0^0 
+ 1 fiU.l 

0 t 52.1 

1 8 37.2 

+ IT 10,0 
0 51 27.2 


The difference between this and the observed times gives 
the sidereal intervals t as above. 

The mean of the hour angles is O'" 33®.9, and there- 

fore the sun's declination is taken for the local mean time 

Qft 52®,1 + 0® 33®.9 = 0* 2"* 26®, or Greenwioh mean time 
5'' 37"* 21*. 

An equal number of observations on the upper and 

lower limbs was made, hence there is no oorreotion for 
semidiameter. 

The solution of (202^ is made as follows : 
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+ 7° 17' 33 ".-I 

Sextant 

109' 

" 45' 

' 4 3 ".2 


42 17 

1 


-h2 

01 

.7 

^0 

84 59 20 .0 

e 



18 

.0 

COS 

0.80013 


109 

48 

10 

.0 

r 

oosS 

9.90047 

k> 

54 

54 

8 

A 

OOSGC lUn 

0.24 161 

z' 

85 

5 

51 

.0 

logyl 

0.10711 

r> 



40 

.5 

logw 

2.53110 

P 

80 


5 

.1 

A m 

484".7 


0 

27 

.0 

log A ® 

0.2142 

S 

-1-7 

17 

83 

.4 

OOtgn 

0,1540 

yl»t 


7 

14 

,7 

V* 

log n 

0.0812 

Bn 



1 

.1 

log Un 

0.0503 


42 

10 

40 

.8 

Bn 

P'.l 







A repetition of tlie computation with this value of ^ does 
not change the result. 

[The iutitudo of tho place ia known to be about 
42° 16' 47".!.] 


GiaOGHAl’lIIOAIj TiGNGl'rUDlQ 


88. 7?^ lunar distanac^, Tho moon’M (li.stiinoo from a 
star nearly in tho ooliptio ia rapidly oliaiiging. Its goo- 
centrio distances from tho suiij Venu^t Mav»^ ifu^ntor^ i^aiurn 
and nine bright stars near ita path are givon in the Amori- 
oan Ephemoris [pp. XIII-XVIII of oaeh inonthj at throe- 
hour intervals of Greenwich moan timot from \vhioli tlio 
distances at any other instants may bo found by intei‘[)oIa- 
tion, Coiivonsoly, if its distnnoo from any of those objoots 
is measured with the sextant and tho apparoufc distainie 
reduced to tho oorrosponcting goooontrie distaneOj tlio 
Greenwich mean time at tho instant of ohsorvatum may 
be found. Tho Greenwich moan time mimiH tho observer’s 
mean time is the ohservor’a longitude, Tliis method of 
determining tho longitude is ootjasioiially of oouKiderablo 
importance to navigators and explorers. 

89. Wo shall suppose that the moon’s distaiioo from the 
sun has been ohservod. Tho forinnliu for a planet will be 
the samoj save tliat tlio semidiainoter of the planot may 
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usually* be neglected. For a star the parallax and semi- 
diameter are zero. 

The sextant reading having been corrected for the index 
error and eccentricity, the result is the ap^jarent distance 
between the nearest limbs of the sun and moon. It 
must be corrected for their seinidiaineters, refractions and 
pai'allaxes. 

To compute these corrections, the zenith distances of 
the two bodies must be known. When there are three 
observers, as freq^uently happens at sea, the altitudes of the 
sun and moon, and the distance between them, should be 
measured simultaneously. The observer’s mean time can 
be obtained also from these observed altitudes of the sun 
[§ When it is not practicable to make these obser- 
vations at the same time, the observer may measure the 
altitudes immediately before and after measuring the lunar 
distance, and obtain the required altitudes at the instant 
of observation by interpolation. Again, the observer may 
assume an approximate value of the longitude (wliich he 
can usually do sufficiently accurately), and take from the 
Ephemeris the right ascensions and declinations of the 
sun and moon corresponding to the Grreenwioh time thus 
obtained. The hour angles, azimuths and zenith distances 

are then given by §§ 8 and 6. 

The parallax of the sun in azi- 
muth is negligible ; its parallax 
in zenith distance is given by 
(64). The parallax of the moon 
in azimuth is given by (71) and 
(72); and in zenith distance, by 
(80), (78) and (79). (95) gives 

the refractions, care being taken to 
use the apparent zenith distance. 
The semidiameters of the sun and 

* In CRSB the telescope is powerful enough to define the planet's disk, 
the moon’s limb may he made to pass through the center of the disk. 
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moon are obtained by the methods of §§ Tho hoIu- 

tion of (107) requires tho values of q. In Tfig. 18 lot M 
be the moon’s center, ^S' the sun’s contor, and Z the Konith. 
For the sun, q ~ ZSM^ and for the moon, q =* If 

we let * 

Z* — tho appAi’ont ssQiiith distanco of tlio situ 
z' = the apparent zouith (UstaiiOG t>f tho moon ZAf, 

(f = tho apparent distance botwoen tliocoiilorH = (S’il/, 


we can write, for the sun, 


, , fmi I (z> - -I- (1')HU\ .J (z' -I- Z' - ef‘) , 

tel i j = VsiTi (Z' + si + ,i‘)m-f(^r--rir+wf < 


and for the moon, 


tan ^ q 


/Sn J (Z' ~ z> -I- Ut) Hill J (Z> A s' -- d'} 
\sin i (s' + Z> -I- d>) sin i (s' - X' -I- d>) 


(20'i) 


(2oro 


Adding tho inclined semidia motors givon by (107) to 
the ooiTGcted sextant reading, the sum is tho ilistancu d* 
between tho centers as seen from the obs<}rv(yr. 

The combined offeob of tho rofraotion and the parallax 
in zenith distance is to shift tho bodies in tlioir verLienl 
circles without changing tho angle HZM. at Lh« zouitib 
which we shall represont by V, If we lot 


Z = tho goodontrio zenith distaiine of tlio sun, 
a = tlio geocentric '/onitli diatanoo of the tnooii, 
d" = tho ooiTCSponding diatauco bofcwooii the coiitei'S, 

we can write 


cos d" =: COS Z COS Z -I- fill! Z Bill if OOH V, 

COS fi' S3 COS »' COS Z' -I- Bin a' Bin Z' coB F. 

Therefore 

cos d" — cos Z 003 Z _ cos d' — (!OS z' OCW Z* . 
sins sill if sill sill if' 


or 


ooa d" — ons (z -|- if) 
sin s sin 


coad' — 003 (z' -I* Z') 

■ I |iia.iia^^ r-i™ ^ ii _ ^»i ■ j JF ■ t 

Bill sin 


Z' 


(2m!) 

( 2 ( 17 ) 
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H we put g' + fr' + <?' == 2 a;, and substitute 


cosd' 


cos («' + 
cos 

cos (« + Z) 


(208) reduces to 


2 sin X sin (a: — d'), 

1 — 2 sill® J rf", 

2 cos® J (» + Z) — 1, 
1 — 2sin® + Z')^ 


sill® i rf" = sin® ^(z + Z)- » ^in g ^ g. 


( 209 ) 


Let an auxiliary angle ilTbe defined by 

. o n •- sin « sin Z sin x sin fa." — rf') 

Then (209) takes the form 

sin i d" = sin l(z+ Z) cos M. 

The parallax of the moon in azimuth produces a small 
change in V and therefore in W*. From (206), by differ- 
entiation, 

Ad" sin z sin Z sin V cosec d" A V, (212) 

in which AFis the parallax in azimuth. 

The geocentric distance d between the centers is now 
givexi by 

d ~ d" + Ad". (213) 

In connection with the lunar distances, the Ephemeris 
gives a column “P. L. of Biff.” (Pro^Dortional Logarithm 
of the Diiference), which is the logarithm of 10800, the 
number of seconds in 3*, minus the logarithm of the change 
in the lunar distance, expressed in seconds of arc, in the 
next following three hours. That is, it is the logarithm of 
the reciprocal of the inooii^s average rate for the three 
hours, or the rate at the middle period of the three hours 
[see remarks on interpolation, § 15] . In order to intex’polate 
for the Greenwich mean time corresponding to the given 
value of d, we have only to add the P . L. of Biff, for tlie 
middle period of the approximate interval to the logarithm 
of the number of seconds of arc by which d exceeds the 


( 210 ) 

( 211 ) 
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iiGxt smaller Epliemeris lunar distance. The sum is the 
logarithm of the number of seconds of timo by which 
the Kphomeris timo is to be increased. 

If tlie P. L. of Diff. given in the Epliemeris is used 
without change, a slight correction for the neglected second 
difforenco of the moon’s rate can be taken from Taijiaq I, 
Appendix, American Ephemeris, and applied as tlicro 
directed. 

If the I’Qsulting longitude differs considerably from the 
assumed, longitude, a seooiul axiproximation should bo jnado 
by starting with tlie value of the longitude Just obtained. 
A third approximation will not bo necessary. 


r 

Mvample. Tuesday, 1891 May 12, the distance between 
the bright limbs of the sun and moon was observed witli 
a sextant and sidereal olironomotor. The moan of ton 
observations gave 

O' ~ 8» iJ0'» 10», Jt ~ 57“ 128' !32" .9 . 


Chronomotor correction, +19"'!,^; index eorrootion, 
^-2'66'^4; Baroni, 20.26 inches, A,tt. '^riiorm. 62° If., 
Ext. Therm. 67° F. ; latitude, -|- 42° 16' 47'' ; longitude 

lioquired a more exact value of the 


assumed-, + 6^ 34 
longitude. 

0 ’ 

AO 

0 

Moan time 

Longitiulo 
(h*. moan timo 




8 * 8 ( 1 "* 10 
-I- .10 If) 
8 55 26 
6 88 42 
5 84 

11 7 42 


R 

I 

€ 

Distriiicu 


57“ 28' 82".0 
-I 2 50 ,4 
11 .8 
57 81 18 .0 


Corre.s poll ding to this Groonwicli moan timo, wo take 
from tlio American Ephomoris, X)i). 74, 76, 77, 80 and 278, 


8iin 

liig)it asoonsioii, a 8* 17’" 54* 
Deoli nation, S -I- 18“ 15' 19" 

Soinitlmnictor, S 15 51,7 
IIoriKontal parallax, tt 8.8 


Moon 
7* 29"' 81* 
-I- 26“ 80' 66" 
16 12.8 
66 48.8 
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By §§ 8 and 6 we find for the goocontric coordinates of 
the sun, 

t = 84“ 22' 46", A = 100“ 8' 60", ^ = 73“ 40' 6" ; 

and for the moon, 

I = 21“ 28' 30", A ~ 63“ 27' 21", « = 24“ 16' 40". 

Computing the parallaxes we obtain, for the sun, 

A> - yl = 0, p = j?' - = 8" .4. 

From (68) we iind (jb — =3 687^^8 — 11^ 2T^^8; and froii 

(59) log p = 9,99935 ; therefore, for the moon, 

log m = 0.11807, A' - yl = -|- 21".8, 
y = + 0' 40".2, log n = 8.20008, - s « 23' Q".2. 

The mean refraction of the sun, TaiiIjE II, is abou 
3' 13'', and therefore its apparent zenith distanuo is vorj 
nearly 73° 48' 0". The value of the refraction is nov 
found from (96) to be 8' 8". 6. Similarly, the refrac 
tion for the moon is 26". 6, The apparent zenith distancei 
of the sun and moon are therefore 

Z' S 73“ 48' 4".8, z' - 24“ 38' 20" .0. 

The apparent zenitli distance of the upper limb of tli' 
sun is 73°48'4".8-16'61",7 = 78°27'18'M. The coi 

responding refraction is 8' 6" ,6. The apparent vortico 
semidiameter is therefore oontraoted 8".l [§ 36j, and it 
value is 16' 48".6. 

The moon’s ax^parent semidiamotor is found from (106 
to be 16' 26". 3 5 and by refraction its axixiaronb vertiofl 
semidiameter is reduoed to 16' 26".0. 

The apxiroximato distance botweon the contors of tli 

sun and moon is 

d> = 67“ 31' 18" + 16' 40" + 16' 20" = 68“ 2' 83". 

■ 

Substituting these values of cZ', Z* and z' in (204) w 
obtain for the sun, q — 20® 68' } and in (205) for the moar 
gr = 124“34'. For the sun, a « 16' 61" .7 ^ 961" -7, = 
16' 48". 6 = 948". 6 j and by (107) the inolinod semidiamete 
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is = 16^ 49'M. Similarly, for the moon, >S"' = 15^ 26''.2. 
The apparent distance between the centers of the sun and 
moon is therefore 

d‘ = 57'’ 31' 18".0 -I- 10' 40".l + 15' 20".2 = 08° 2' 33".3. 

The solution of (210) gives 49° 48' 39".0 ; and 

thence, from (211), (2" — 68° 18' 16".0. Substituting 

A' - A = AF- + 21".8 in (212), we obtain + 7".4. 

The geocentric distance between the sun and moon is 

therefore, by (213), 

d = 58“ 18' 10". 0 -f- 7".4 = 68“ 18' 23" .4. 

h'rom the American Ephemeris, pp. 86 and 87, at 

Greenwich mean time i)\ d = 57° 10' 23", 1*. b, of lliff, = 0,8100, 

Greenwich moan time 12 , rf = 08 43 0 , T. L, of Diff, = 0.3184, 

We have to interpolate for the interval of time T after 9'*, 
corresponding to a change in d of 68° 18' 23" .4— 67° 16' 28" 
= 3720".4. The value of T is approximately 2'*. The 
value of P. L, of Diff. at the middle of the 2'' is 0.8167. 

h 

P.L. ofDiff. 0.8107 Gr.inoiin time IP 8«»34^ 

log8720Vl' 8,5700 Obftorvor’s moan time 5 83 42 
log T 8.8878 Observer’s longitude 6 34 52 

T 7714* 

T 2*8''' 34* 

Tlio true value of the longitude is known to bo 6* 34"* 66*. 
The error of 3* corresponds to an error of 2" in tho meas- 
ured distance [or in the lunar tables], and is unusually 
small, Tho observations are clilfioult to make, and tlio 
measures of tho best observers are easily liable to an error 
of 10", It is well, however, to carry the numerous corroc- 
tion.s to tenths of a second to prevent tho aooumulatod 
effect of neglected fraotions. 

The above solution of this iirohlom is essentially a 
rigorous one. Navigators are aoonsfcomod to employ 
abridged forms of solution, for which tho reductions are 
much shorter. Likewise many of the functions aro tabu- 
lated, which still further reduces tho labor. 
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CHAPTER VII 


THE TllANSIT INSTRUMENT 


■ 

90. Tho transit instrument consists easentially of a 
tolesoopo attaohed porpondioularly to a lioriKoiital axis. 
The cylindrical extremities of this axis are the pivots. 
The straigflit line passing through their coutors is the 
rotation axis. The supports for the two pivots are called 
tho V’s. Tho straight lino passing through the optical 
center of the object glass and the rotation axis and per- 
poiidioular to the latter is the collimation axis. By I’ovolv- 
ing tiio instrument about tho rotation axis tlie collimation 
axis clescrihes a piano called the collimation plane. In the 
common focus of the object glass and eye-piece is a system 
of wires called tho recticle. It consists either of spider 
threads attached to a frame, or of fine lines ruled on tliin 
glass. An odd number of wires — usually five, seven or 
eleven— is placed parallel to tho collimation plane and 
perpendicular to tho collimation axis, over whioh the times 
of transit of a star’s imago are observed. The middle wire 
of tbe set is fixed as nearly as possible in tho collimation 
plane. One or two wires are placed perpendicular to those 
to mark tho center of tho field of view. A inioronietor 
wire parallel to the first set is arranged to move as nearly 
as possible in thoir plane. Tho axis of the instrument is 
hollow. A light is placed so that the rays from it enter 
the axis and fall on a small mirror in the oentor of tho 
telescope, whioh reflects them to tho eye-piece in auoh a 
way that the wires are seen as dark lines in a bright field. 
The illuminating apparatus in some instruments is arranged 

122 
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so that the observer may ehang’O from dark linos in cv brifjfht 
field to bright lines in a dark ftelcl, — a neooasary arrange- 
ment when the object to bo observed is very faint. A 

very common distribntioji of tlio 
wires in the retiulo is shown in 
Fig. 19. 

Tho instrument is so arrang'od 
that its rotation axis can be 
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axis can 

rotated 180® ; i.e., reversed, about 
a vortical lino. Tho two posi- 
tions are dofinod conveniently by 
stating tlio position <if tho clamp 
or gnidnatod circlo on tlio axis. 
Thus, clamp W or clamp 33, oircU W or circle 13, domtlcs 
that position of tho instruiuunt in whicli tho clamp or 
circle is west or east of tho ooUimation piano. 

All excellent form of transit and zonith tolesoopo rrfjm- 
hined is shown in Fig. 20. Tho oiroular baso-plato of tho 
instnuneiit is supported on tliroo screws, with which tho 
instriinieut may be quickly lovoled on its supporting pier. 
Tho two standards which support the pivots of tho instru- 
ment are rigidly fixed to a circular ifiato, which may ho 
rotated freely through 180® on tho baso-plato wlum tho 
instrumont ia used as axenith tolcacopo [considered in tho 
next chapter]. Whan tho instrumont i,s used as a transit, 
tho two oiroular platos aro clamped togothor, and roinaiii 
clamped. To reverao tho instrument, tho observor turim 
tho reversing crank (^sho wn in the lower rigiit corner of llio 
out), which raises tho two small inner standards until the 
pivots arc entirely froo from tho V’.4 ; tho axis, Bupported 
on tho two standards, is thou turned gently through IHO”, 
and oarofully lowered by turning tho orank in the rcvei'so 
direction, until tho pivots rest in the V’s. Tho illuminat- 
ing lanterns are in position for tlio rays to pass tlirmigh 
tho pivots. Tho level — ill this form called tho strldlng- 
level — is shown resting on tho pivots. Tlio iiiicromotcr 
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box can be rotated 90® to make the movable wire perpen- 
dicular to the rotation axis for the transit instrument, or 
parallel to it for the ssenith instrument. The out shows 
tlio iniorometer in the latter position. A diagonal eye- 
piece enables the instrument to bo used with zenith stars. 
I'lie small circles attached to tlie sides of the telescope are 
used for .sotting the telescope at tlie zenith distance or 
altitude of the star to be observed. The vernier-amis bear 
both coar.se and delicate levels. When one of the verniers 
is set at the proper reading for the star, the telosoopo is 
moved in altitude until the bubble of the coarse level 
♦‘plays.*’ Tlio star will thou pass through the approxi- 
mate center of the eyepiece. It is made to pass between 
the two horizontal wires by turning the slow-motion 
screw. 

Another common form of the transit instrument is that 
in which one end of the axis is made to take the place of 
the lower half of the telescope. A prism is placed at the 
intersection of the tolesoopo and axi.s. This turns tlie rays 
of light through 00® to the oyopieeo, whicli is in one end 
of the axi.s. Tliis form is sometimes called the broken or 
prismatic transit. 

An oxcollont form of the prismatic tramsit is shown in 
Fig. 21. In this, the oonibinod tolesoopo and rotation axis 
i.s mounted east and west, and the totally reflecting prism 
is immediately in front of the oljjoot glass. It is provided 
with a reversing apparatus, with a miorometor and dolioato 
zenith level, and can bo used also as a zenith telescope. 
Tliis instrument is very compact, and thorofore well 
adapted for use in exploration or other cases where trans- 
portation is diflioult. 

There are several considerations affcietiiig all forms of 
the transit instrument; viz. i 

The instrumout should be revorsiblo without approei- 
ablo jarring. 

The lamps used for illuminating the retielo, or for 
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lighting the observing room, must be so placed that they 
will not heat the instrument appreciably. 

The supporting pier must be isolated from the floor of 
the obsei'ving room» and should extend down to a firm 
rock or soil foundation. 

’I'he observing room should be constructed so that it may 
be thorouglily ventilated before observations are begun. 

A sidereal chronometer or clock is a necessary com- 
panion of the transit instrument. Refined observations 
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should be made by the chronographic method, described 
in § 68, In a fixed observatory, tlie clock should not bo 
mounted in the transit room, but in an interior room of 
more constant temperature, where it can be plaoed equally 
well ill the electric circuit. 


91, The transit instrument may be mounted so that its 
collimation plane is either in the prime vertical, or in the 
meridian. In the first case it may be used to determine 
the latitude j but this method is practically superseded 
by that of the zenith telescope, to be described later. 
Mounted in the meridian, it is employed in conneobioii 
with a sidereal clock or chronometer to determine the 


r 
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time, the right ascensions of tlio stars or other celestial 
objects, and the longitude of the observer, ■svhen great 
aocuraoy is required; and wo shall treat only this case. 

Let 113 suppose that the axis is mounted duo east and 
west and that the middle wire is exactly in the colUniation 
piano. If the image of a star whose apparent right ascen- 
sion is a is observed on the wire at the chronometer time 
$\ the chronometer correction A0 is given by (nog’leoting 
diurnal aberration) 

A<? = a - O', (2 1 1) 

The observer may adjust his instrument as accurately 
as he pleases, but the adjustments will not remain, owing 
to changes of temperature, strains, etc. It is customary 
to put the instrument very nearly in the meridian when it 
is first sot up, and thereafter to vary the adjustments only at 
long intervals of time. In general, thoroforo, the star will 
bo observed when it is slightly to one side of the meridian. 
A dotorminatiou of the errors of adjustment of his instru- 
ment enables the observer to rodueo the ohronomotor time 
of observation to the olironomo'tor time of meridian pas- 
sage ; wbenoo the clu’onouioter correction is given by (214) 
as before. 


93. Theoretically, the rotation axis sliould bo in the 
prime vortical and in the horiKon, and the middle wire 
sliould bo in the collimation piano. 

Tlie azimuth constant, a, is tlio angle which the rotation 
axis niako.s with the prime vortioal. It is H- whoa the west 
end of the axis is too far south. 

The level constant, is the angle whioh the rotation axis 
makes with the horiKon. It is + when the west end of the 
axis is too high. 

The collimation constant, <?, is the angle which a line 
through the middle wire and the optical contor of the 
object glass — called the lino of sight — makes with the 
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collimation plane. It is + when the middle wire is west 
(in the eyepiece) of the collimation plane. 

It is required to correct the time of observation of a star 
for the small deviations a, h and o. 

Let SWNJiS in Fig, 22 represent the celestial sphere 
projected on the horizon, Z the observer’s zenith, NS the 
meridian, WE the prime vertical, the equator, and P 



the pole, Suppose the rotation axis of the instrument lies 
in the vertical circle AZB^ and that tlie axis produced outs 
the sphere in A and B j that the great circle NZ^S' lies • 
in the collimation plane; and that N"Z’^S'\ parallel to 
N'Z'S\ is described by the line through tlie middle wire 
and the center of the object glass, When the stara are 
observed on the middle wire they are on the oircle 
N"Z"S'\ whereas we desire to know the chronomotor 
time when they are on the meridian. Let 0 bo such a 
star. The time required for the star to pass from 0 to 
the meridian is equal to the hour angle of 0 measured from 
the meridian toward the east. Let r represent it. 

If we let 90® ~ m denote the hour angle and n the* 
declination of il, we have by definition, , 
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^ r- 


ZPA 

VZA 

PA 

PZ 


flO'’ ~ »n, 
00“ + a, 
00“ - n, 
00 “ - 6 , 


ZA 

PO 

AO 

OPA 


00 “ 

90“ 

00 ° 

00 “ 


-s, 

-I- 

— m + T. 


From tliQ triangle ZPA wo have 


sin n = sin h sin 0 — cos h cos 0 sin a, 
sin m cos n = sin h cos 0 + cos b aiu 0 sin o ; 


(215) 

( 210 ) 


and from OPA 


or 


sin c = — sin n sin S + cos n cos 8 sin (t — m), 
sin (t — m) = tan n tan 8 + sin c sec n see 8. 


(217) 


These equations are true for any position of tlio instru- 
ment, and dotorinino r when a, h and a are known. But 
for the instrument nearly in the meridian a, o, m and 
n are small, and the above equations become 


« t= 6 sin 0 — rt cos 0, 
m ~ b cos 0 H- n sin 0, 

T = ?» + n tan 8 o sec 8. 


(218) 

(910) 

( 220 ) 


<[220) is Bessel’s formula for 
Eliminating m and from the 
Mayer’s formula 


computing the value of r. 
throe equations we obtain 


fl . A. I, . 9°^Xilr .1. a 

cos 8 ' cos 8 ' cos 8 


81 


1 


( 221 ) 


in which the terms of the second member are the oorrec- 
tions, respeotivoly, for errors of adjustment in azimuth, 
level and oollimation. 


For oonvonienoo, lot us imt 


1 


A =2!!L(5t^, ji == co«(^"-8) ^ 

cos 8 cos 8 cos 8 


( 222 ) 


and (221) becomes 


r =:aA -I- hB + cC, 


( 228 ) 


The effect of the diurnal aberration is to throw the star 
east of its true position. It is therefore observed too late, 

1C 


4 
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and. the time of observation must be diminished, by the 
quantity, (116), 

, 0'^81 cos tf> sec S = 0*.021 cos ^ C, (221) 


For greater accuracy the star is observed over several 
wires. An odd number of wires is always used. They 
are generally placed very nearly equidistant, or very n 0 arl 3 '^ 
symmetrical with respect to the middle wire. Were either 
of these arrangements exactly realized the mean of all the 
times of transit would he the most probable time of transit 
over the middle wire. This never happens, however, and 
it is necessary to determine the intervals between the wires. 

Let i denote the angular distance between a side wire 
and the middle wire j ^ I the interval of time required by 
a star whose declination is S to pass tlirough this distance. 
From Fig, 18, letting the two positions of the miorometor 
wire represent the side wire and the middle wire, we have 
in the triangle 


CSf = i, Sfp = 00“ - 8, CPS> = I ; 

■P 

and we can write 

sill l = sill i sec 8 = sin i C. (226) 

■ 

If the star is not within 10° of the pole, it is s.ufficiently 
accurate to use 

J=:isecS = iC. (220) 

Suppose there are flve threads in the reticle, numbered 
I, II, HI, IV, V, beginning on tlie side next to the clamp, 
and that the clamp is west. Let ij, ig, ig, ig, be the 
observed times of transit of the star over the wires, and 
* 1 - *31 *41 *61 the distances of the four side wires from the 
middle wire.f The five observed transits give for the time 


*That is, the angie suhtoncled at the ojitlcal contei' of tlio object glass 
by lines drawn to the side wire and to the middle wire. It Is also in ens- 
ured by the interval of tiiuo re<i^iiii’ed for a star in the equator to pass from 
the side wive to the middle wire. 

t Por clamp west, it and is are negative ; for clamp oast, ii and fa arc 
negative, 
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of crossing the miclflle wire either + ij Ci ^2 "h ^*2 
^a» ^4 -f H ^6 + *6 which would all bo equal if tho 

observations were perfect. Taking their moan, tho most 
probable time of crossing the iniddlo wire is 


If wc let 
and 


+ ^2 + ^3 + , *I 'b *2 ‘b *4 + p 

J 4 , ^ C. 

/) „ q H* h 'b 'b ^.i + 

C7„, , 

J H ^-1 

*m — i * 




the most probable time of crossing tho middle wire is 


Out -[* 1(11 c*. 



d„, is tho time of crossing a rnjtitioim wire called the 
mean wire^ and i„,QiQ the reduction from tho nioau wire to 
the middle wire. 

Tho above method holds good also in tho case of an 
incomplete transit j that is* one in which the transitH over 
some of the wires have boon miHsod. Thus, snppo.so that 
the wires I and IV have boon missed. Tho throe remain- 
ing transits give for tho times of orosHing tho iniddlo 
wire -h «2 <7, ^ 3 * h “b *b 0\ aiuV their moan is 







and similarly in other oasos. 

In aocurate determinations of the time Roveral stars will 
be observed, and if tho chronometer lias a aunsiblo rate, the 
chronometer oorrections at tho several times of observation 
will be different. To ecjiialiKo them, lot 0^ b(^ seme chro- 
nometer time near tho iniddlo of tho sorios of obsorvations, 
lot a star bo observed at the timo and, lot tho rate of 
tho chronomotor bo St?. During tho intorval 0^ 0^ tho 

chronorator loses 


~ d„) Sd. . 


(231) 
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If this quantity be computed for all the stars observed and 
applied to the observed times, the resulting chrononietor 
corrections furnished by the several stars will bo the cor- 
rections at the instant and with perfect observations 
would all be. equal. 

Collecting the expressions (228), (224), (229) and (231), 

we have for the observed time of crossing the meridian 
when the clamp is west, 

= + bI3 -h cC~ 0*,021 cos C + f „, C + (d„, ~ &„) SO ; (232) 

and therefore, by (214), 

A0=a~[d„ + aA (c~-0».021 GOStl> + i„) C+ (0,n~0a)80), (233) 

For clamp east it is easily seen that c and change sign ; 
otherwise the formula remains the same. 

1 

The formula has been deduced for a star observed, at 
upper culmination. For a star observed at lower culmina- 
tion we have only to replace S by 180° — S in the factors 
Ay JS and (7, and they become 

A =5111X1+8), (234) 

cos 0 cos S cos 8 

■ The factors yl, JB and O are readily computed with four- 
place tables. But when an instrument is set up pornia- 
nently, as in an observatory, their values should bo 
computed for every degree of deolination, and tabulated. 
For polar distances less than 16° it is convenient to linvo 
them tabulated for every ten minutes of declination. 


DETERMINATION OP THE 'WIRB INTERVALS 

93. (a) If the instrument is provided with a miorometor 
ill right ascension, set the micrometer wire in succession 
on each of the fixed wires.* The differences of the microni- 


* More accurato readings will bo obtalnetl, as in many other cases, by 
setting the micrometer wire on each side ol llio fixed wiro and just in 
apparent contact with iti The mean of tlio readings in tlio two positions 
is the reading for the coincidence of the two wires. 
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eter readings on the side wires and the middle wire give 
the intervals in terms of one rovolntion of the sorow, winch 
will have been obtained by the methods of § 61, 

Example, Friday, 1891 Fob. 20. The tifwisitinstruinont 
of the Detroit Observatory, Four sots of mioromotor read- 
ings were made when the micromotor wire was in contact 
with each side of the fixed wires, to find tho wire intervals 
and The numbers in tho last lino are tho moans of all 
the readings on tho corresponding wires, 'nio valuts of 
one revolution of tho screw is, § Gl, Xi = 46'',042 := 8*.008, 


I 

n 

III 

! 17 

V 

2D.0G0 

30.130 

27.443 

27.020 

24.801 

25.064 

22.301 

22.523 

1 A •• • ^ •m m • • • . 

.10.707 

10.005 

20.060 

30.181 

27.445 

27.021 

24.800 

25.058 

22.357 

22.527 

10.700 

10.070 

20.008 

30.186 

27.448 

27.018 

■ 

24.805 

25.000 

22.303 

22.528 

10.802 

10.000 

20.008 

30.186 

27.445 

27.023 

24.808 

25.002 

* 22.350 
22.520 

10.707 

10.000 

80.060 

27.583 

24.070 

22.448 

10.883 


t‘i « (30.050 
= (27.533 

- 24.070) R : 
~ 24.070) R r 

= -h in*.287, 

^ -h , 7 .07!), 



= (SS.'MS - 24.070) ii = - 7 .007, 
t, = (1 0.883 ~ 24.070) - - 15 .204. 

t,„ = + 0*.003 for clamp west, 
ti>i ” — 0 .003 for clamp oast. 


(5) Observe tho transits of a oloao oiromnpolar star 
over the several wires, and solve (225) for t)iu intcuwals u 
It is convenient and siiirioiontly aoo urate to use (226) in 
tho form 


i = sin / 


Qoa S 
15 Hi 111"' 
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Solving as in the case of (169), the resnlting vahios of i 
will be expressed in seconds of time. 

Example. Monday, 1891 March 16, A Ursm Minoris 
was observed at lower culmination with the transit instrii* 
meiit of the Detroit Observatory, olamj) oast, as below. 
Required the wire intervals. From the Amor, ICphom., 


p. 304, 8 r= 88° 67' 47”.8. 


Wlios 

1 

OhTORomi 

I 

1 , 

I 

Bill J 

1 

i 

I 

7* 2'«87* 

_ ld"‘ 3* 

- 3“ 30' dry' 

8.787922,, 

- ir)«.2d5 

II 

0 »5 

- 7 5 

- 1 do 15 

8.d89080„ 

- 7.080 

III 

10 do 

k 


1 


IV 

23 dO 

-!* 7 0 

1 + 1 d5 0 

8.d8d8d8 

+ 7.590 

V 

30 da 

1 

+ Id 0 

1 

+ 3 81 30 

8.788702 

H- 15 .299 


A number of stars should be observed in this way, and 
the mean of all the results adopted as the wire intervals. 


DETERMINATION. OF THE DEVED CONSTANT 


94. The level constants is generally found by moans 
of a spirit level, as explained in § 62, However, the level 
is applied to the outer surface of the cylindrical pivots and 
does not give the inclination of the axis, which passes 
through their centers, unless their radii are equal. 

To determine the inequality of the pivots and the 
method of eliminating it, let A and i?, Fig. 28, be the 
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centers of the west and oast xnvots, for clamp west j M and 
M' the vertices of the V’s in which the jiivots rest } E 
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and i' the vertices of the V’s of the level ; and JlJl'P a 
horizontal line. Thou JiAO ==s HAD is the imnxuality of 
the pivots, wliioli wo shall ropreaont by If wo lot 


J3> = the inclination given by the level for olainp woHt, 
B" = the inclination given by tliQ level for olatnp east, 
b* — the true inclination for olnini) west, 
b'l ~ the true inclination for claniii ensti 
= the constant angle JJM'Af, 


we can write 


b' = 71' -i-p = /3 ~pf for olaiiip west, 
b» ssjj" ~p = ^ -I' p, for olanip east} 


and therefore 



(till (5) 

(SltiH) 


When p has been detorminod, fcho valito of tho level 

constant is given by (236) or (287). 

The value of p should bo determined a largo muiibei* of 
times, and tho inoau of all tho indivUlual i’uhuUh adopted 
as its final value. In mahing tho observations tho toleHOoi>o 
should be sot nt different zonltli distiinees, to cluluet any 
variations of the pivots from a cylindrical ftirni. 

Dxample, 1801 Fob. 17. Tho following ob.survation 
was made on tho pivots of the Dofcrf)it Olwervatory triiiiHit 
instrument, lloqiiirod tho inequality of tho pivots and 
tho inclinations of tho rotation axis. 'I'lie value of one 


division of the striding level is 1".878 
§63.] 


0M2r). [Roe 




Iiovol BIroot 

Olamp 

ZonlOi 

Uiatiuioo 

II J . LJ ■ ■ ■ 1 — 




10 

e 

W 

N. fl(P 

7.2 

0,0 

K 

S. 80 

6.2 1 

1 1 .7 


y. ^ . p ■ ■ 


r% . L 


■ ■ /fe 
■* •* 


liovol HovorJiftid 


w 




15.0 

l.’tJ) 


c 


I 


J- O'!- ■ ^ 


l.!i 




I t ■ ■■ ..I 1^ I - I 1^-V p-~.. . I- -n ■ . ■ I ■ ^ « 
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From (166), 

h = = + 2if)7r3 d ^ + 0^,979, for clamp 

h — = + 0*000 d ^ -f- for clamp oasb, 

Substituting these values in (288), wo lincl 

p=- 0^005 ; 

and therefore, from (236) and (287), 

ft' = + o».872 - o».ocn - 1 - o^no7, 

ft" = + 0«.119 4- 0».005 = -h (K177. 


The mean of twenty-two determinations of j> for this in- 
strument gave — 0*.066 d: 0*.001. 

Another method of determining the level constant is 
given in § 97, (f?). 

■I 

96. AVe have supposed that the A^’s in which the pivots 
rest and the V's of the level are equal, as is usually the 
case. If they are unequal, let 


2 u = the angle of tlio lovel V, 

2 Vj = tho angle of the Y of tho i)3vot boaving ; 


and it can ho shown that tho inequality of the pivots is 
given by 



B" - B' 
2 


aiu », 

sin V -\- sin Vj 



Again, the j)ivots may not bo truly cylindrical. If 
irregularities are surely found to exist, the instrument 
should he returned to the maker for improvement; or, if 
that is not practicable, a table of corrections may bo con- 
structed for all possible positions of the telescope. It 
should be emphasized that observations depending npoii 
faulty pivots are very unsatisfaotoiy. The pivots fur- 
nished by the best modern instrument makers seldom 
show appi’Gciable defects. 
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96. Tho forms and inequality of 
the pivots may bo invostigatod 
very satisfactorily by the llarkiic.sH 
spherometer, .shown in Fig- 24. 

The method of applying it to tlm 
determination of irregularities in a 
supposed circular section of a pivot 
is apparent. To determine tlio in- 
equality p of two pivots, let 


I> = the differonco of tlto splioromotor 
readings on tlio two i>ivota, 

P = the linoar pitch of tlic! scrow, 

L = tho distanoo hetwocni tlm V‘s of tho 
transit instniniont ((sxpvoHsod in 
tho same units as i*), and 
y « = tho angle of tlio sphoromotor V*h. 


Then it can bo show]i that 




ni 


■dt- 


15./v sill 1 Hiu ^0 
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DHTISUMINATION OF TIIIO OOlAnMATItlN (JONHTA.NT 

97. («) By a dintant terrestrial ohjeat. Piano the telo- 
scopo in a horizontal position and ueluct Hoino W{sll-(le(hu)d 
distant point whoso imago is scon iKsivi’ tlio inlddlo wire, 
With the micromotor nioiiHuro tho distanoo of tho image 
from the middle wire in the tw<i pnsitiou.s of the insti’U- 
ment. Call tliia distaiujo ./)' for (damp west, .ly* for elain[) 
east; 7)' and I)" being positivo or nn'gativo aeeording us 
tlio middle wire is west or oast (in tlio oyopiooo) of the 
imago, Tho collimation eonsfcaiit is tlion given by 

c ~ J (/y — /)"), for clamp ^vost. (li l I ) 

For clamp oast the sign of e is rovorsod, 

Bxam 2 }U. Saturday, !1801 April 4, Tho following 
observations on a distant objocjfc nearly in the liorizou wore 
made witli tho transit instrumoiit of tho Detroit OUsorvti- 
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tory. Required the Talue of c. The value of one revolu- 
tion of the screw is 3^.003. 

Clamp III Micrometer on image Micrometer on III 


w 

W. of image 


34.067 


24.792 




.065 


.795 




.058 


.793 



Mean 

34.068 

Mean 

24.793 

E 

W. of image 


15.750 


24.794 




.744 


.792 




.752 


.795 



Mean 

15.749 

Mean 

24.794 

We 

have 






D' =(34.063- 

- 24.798) i2 = -l- 

9.270 R, 



J)'' = (24.794 - 

-15.749) A" = + 

9.046 R ; 



and therefore, from (241), 


c = — 0.112 jR = — 0^.336, for clamp west. 

(5) By a collimator. This is an ordinary telescope, 
preferably of the same size as the observing telescope, 
placed at the side of the observing room, and mounted on 
an isolated pier in the line of sight of the observing tele- 
scope when that is turned into a horizontal position. 
Spider threads — usually one vertical and one horizontal — 
are placed exactly in the principal focus of the collimator. 
When the wires are suitably illuminated by a light shining 
through the collimator eyepiece, the rays which radiate 
from_ them emerge* from the collimator object glass in 
parallel lines, just as if the threads were situated at an 
infinite distance. When the transit telescope is directed 
to the collimator, the observer will see in the focus of his 
instrument the images of the spider threads in the colli- 
mator. The vertical image forms a perfect mark from 
which to determine the collimation constant, by the same 
process as that described above (a), for a distant terrestrial 
objects While the threads in the collimator are virtually 
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at an infinite distance, they are in reality only a few feet 
from the observer, and thus the atmospheric disturbances 
which affect observations on a distant terrestrial mark are 
eliminated. 

(c?) Sy a circumpolar star. Observe the transit of a 
close circumpolar star over the first two or three wires ; 
then quickly reverse the instrument and observe the tran- 
sit over as many of the same wires as possible, being sure 
to determine the level constant both before and after revers- 
ing*. Reduce the times of transit in the two positions to 
the equivalent times of crossing the middle wire. Let 9^ 
and ^2 be these times, and let 6' and be the level con- 
stants for clamp west and clamp east. Then by (^233), 
for clamp west, 

= a ~ aA - cC + 0«.021 cos 

and for clamp east 

= a. - ~ aA - V’B + cC + 0».021 cos C. 

Subtracting and solving for c we obtain 

c = ^ cos 8 4- 4 (fi" — ^0 <^0® (<3^ ~ 3)- (242) 

For lower culmination, S being replaced by 180° — 8, 

e^') cos 8 - IQ>" - y) cos (<^ + 8). (243) 

An example is given in § 103. 

(d) By the nadir. If the telescope be directed verti- 
cally downward to a basin of mercury,^ and a piece of glass 
be placed diagonally over and close to the eyepiece in 
such a way that light from a lamp at one side will be 
reflected into the telescope, the middle wire and its image 
reflected from the mercury may be seen near together. 
Measure with the micrometer the distance between the 
middle wire and its reflected image. Let M be this dis- 
tance, and consider it positive when the wire is west (in 

* The correction, for rate will he small compared with the probahle 
error of a transit of a slowly-moving northern star, and may be neglects 
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the eyepiece) of its image. If the rotation axis is hori- 
zontal we hsb-ve M —2c-, but if there is a level constant b, 
the distance is diminished by 2 b, so that M — 2o — 2 5; or 


c = 4 2/ + &. (244) 

With well-constructed instruments, the collimation con- 
stant usually remains practically unchanged during a series 
of observations. The level constant, on the contrai-y, 
sometimes varies rapidly. Further, the spirit level is not 
always trustworthy. Many excellent observers do not use 
the striding level, but determine the level constant by the 
method of the nadir, described above. The collimation con- 
stant having been determined by one of the many available 
methods — usually by the aid of two collimations in the 
case of large instruments — the value of the level constant 
is given by (244), thus : 

5 = c-iikf. (245) 

If we wish to determine both the level and collimation 
constants by the method of the nadir, we measure the dis- 
tances of the middle wire from its reflected image in the 
two positions of the instrument; calling this distance 
or — according as the middle wire is west or east of its 
image. Let 

M' = the distance for clamp west, 

M’’ = the distance for clamp east, 

V = the level constant for clamp west, 

V = the level constant for clamp east. 

We have, for clamp west, 


and for clamp east. 
Therefore 


c — 5', 
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From (236) and (237), = — 2p, Therefore 

c = — JO, clamp -west, 

c = — J (M/ — ilf'') + JO, clamp east, 

^ AT' + ikf^O — JO, clamp west, 

6^/ = — J (ikf' + ikf'O + clamp east. 

Example. 1891 July 24. The following nadir observa- 
tions were made with the transit instrument of the Lick 
Observatory. Required the values of c, V and . 


Clamp 

Micrometei 

• on middle wire 

Micrometer on 

W 


11.025 


10.847 



•125 


.852 


Mean 

11.075 

Mean 

10.849 

E 


11.020 


11.164 



.135 


.166 


Mean 

11.077 

Mean 

11.165 


The middle wire was east of its image in both cases- 
For this instrument, jp = — 0^021, J? = 2*^931. We have 

- (11.075 - 10.849) - - 0^662, 

M"=: - (11.165 - 11.077) A = - 0 .258. 

Therefore 

c = — 0®.101 + 0®.021 = 0*.080, clainp west, 

5' = + 0 .230 4- 0 .021 = + 0 .251, 

4- 0 .230 - 0 .021 = 4- 0 .209. 

(^) By two collimatoTB. When the observing telescope is 
large, it is inconvenient and very undesirable to determine 
tlie collimation constant by any method which involves 
reversing. This is avoided by using two collimators, one 
north and the other south of the instrument, the object 
glasses of the two collimators being turned toward each 
other and toward the center of the transit instrument. 
The view of one collimator from the other collimator is 
obstructed by the intervening transit instrument ; but in 
large instruments apertures are provided on opposite sides 
of the enlarged central section of the transit telescope, so 


(246) 

(247) 

(248) 
r249^ 
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tliat wlien the telescope is dii’ectetl to the nad.ii', and the 
coverings of the apertures removed, the view is unob- 
structed. The vertical thread in one collimator and the 
liorizontal thread in the other collimator are usually 
movable by micrometer screws. 

het the vertical micrometer thread in one collimator be 
brought into exact coincidence with the fixed vertical 
thread in the other- The lines of sight of the two colli- 
matoi's will then be exactly parallel, and the two vertical 
threads, viewed by the transit telescope, will represent 
objects virtually at an infinite distance and having azimuths 
differing exactly 180°. Measure the distance D' from the 
middle wire of the transit reticle to the image of the north 
collimator thread, and the distance I>" from the middle 
wire to the image of the south collimator thi'ead, calling 
these distances -t- or — according as the middle wire is 
west or east (in the eyepiece) of the collimator images. 
Then we shall have 

c = |(Z> 4- D”). (250) 

I>BT.EBMINATION OE THE AZIMUTH CONSTANT 

98 . The azimuth constant a can be determined only 
from obseryations of stars. Let two stars Sj) and 
(ag, S 2 ) be observed. When all the constants except a 
liave been determined, the times of observation of the two 
stars can be corrected for all errors save the azimuth. 
Let 61 and 9^^ be the times so corrected. Then 
reduces for the first star, to 

A0 == ttj — 

and for the second star, to 

A0 =: a2 — ^2 — a A 29 

and A 2 being the values of A corresppnding to and Sg- 
Combining these equations, we obtain 

C^i ^ 1 ) ” (^ 2 ^ 2 ) 

a A, - A, ■ 


( 251 ) 
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It will be seen that to determine a accurately, all the 
other constants of the instrument must be well determined, 
since errors in any one or more of them affect the yalues of 
6^ and 6^. If the instrument is not mounted in a very 
stable manner, the right ascensions and should differ 
as little as possible. The value of a will be determined 
best when the denominator — A 2 is as large as possible. 
If both stars are observed at upper culmination, one should 
be as far south as possible and the other as near the pole 
as possible, in which case A^ and A^ will be large and 
opposite in sign. This condition will be fulfilled still 
better by observing one star (ajL, at lower culmination 
and the other § 2 ) upper culmination, both as near 
the pole as possible and differing nearly 12^* in right ascen- 
sion. In this case must be replaced by 12^^ +- and 
by 180*^ — in the various formulse. Stars observed at 
lower culmination are marked S. JR. Qsub poloy. 

MERIDIAK MARK, OR MIRE 

99. If a transit instrument is to be used for making loner 
series of observations, as at a fixed observatory, it is well 
to have a permanent meridian mark, or mire, to assist in 
determining the azimuth constant. The mark consists 
usually of a minute circular hole in a metal plate mounted 
on a firm pier at a considerable distance to the north or 
south of the instrument. An isolated pier in the transit 
room carries a lens whose center is in the line 101111119 : the 
mark and tbe center of the transit instrximent, the focal 
length of this lens being equal to the distance of the mark 
from the lens. When the mark is illuminated by a lamp 
or electric light [controlled by a switch in the transit 
room] placed behind the metal plate, the rays which fall 
on the mire lens will be transmitted as parallel rays to 
the observing telescope, and the observer will see a well- 
defined image of the mark in the focus of his instrument. 
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The focal length of the mire lens should be great, in order 
that the mark may be at a considerable distance, thereby 
reducing the angular value of any possible motion of the 
mark. The mire lens for one of the instruments at Pul- 
kowa has a focal length of 556 feet. One at the Lick 
Observatory has a focal length of 80 feet. Well mounted 
mires have been found to be almost constant in azimuth 
for months at a time. 

The azimuth of the transit instrument having been de- 
termined from observations of a pair of azimuth stars, hy 
the methods of the preceding section, the azimuth of the 
mire may be determined by measuring the angle between 
the mire and the middle wire with the micrometer, and 
combining the result with the known collimation and azi- 
muth constants. The mean of a long series of such deter- 
minations may be adopted as the azimuth of the mire ; and 
thereafter a measure of the angle between the mire and 
middle wire, combined with the known collimation con- 
stant, will determine the azimuth constant. Nevertheless, 
the observation of star pairs for azimuth should be made 
as usual, and the results thus obtained combined with 
those obtained from the mire. The relative weights to be 
assigned to the results from the two methods will be evi- 
dent after a short experience with them. 

If the mire is mounted at a small angle I above or below 
the hoinzon of the instrument, the measured angle between 
the mire and meridian should, in reality, be multiplied by 
sec J, but that is a constant factor, and with xnost mires 
need not be taken into account. 

ADJUSTMENTS 

100. To set up the instrument, it should first be placed 
by estimation as nearly as possible in the meridian, and the 
following adjustments made in the order indicated. 

1st. To bring the wires in the common focus of the eye- 
piece and objective, slide the eyepiece in or out ixntil the 
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wires are perfectly well defined. Then direct the telescope 
to a very distant terrestrial object, or to a star, and move 
the tube carrying the wires and eyepiece until an image of 
the object seen on one of the wires will remain on the wire 
when the position of the eye is changed. JPolaris is a good 
star for this purpose, since its image will move very slowly. 
When the wires are placed satisfactorily in the focus of 
the objective, the tube carrying them should be clamped 
firmly, and remain unmolested indefinitely. Different 
observers will require only to alter the distance of the 
eyepiece from the wires in oi'der to bring both star and 
reticle into focus. This adjustment should be made when 
the atmosphere is steady. 

2d. Make the level constant very nearly zero, testing it 
by the method of § 94. 

3d. To make the wires perpendicular to the axis, direct 
the telescope to a well-defined mark and bisect it with the 
middle wire. Adjust the reticle so that the object remains 
on the wire when the telescope is rotated on its axis. 
The intersection of the two wires of a collimator furnishes 
an excellent mark for this purpose. 

4th. Test the collirnation by the metliods of § 9T, (a), 
(6), (c?) or and move the reticle sidewise until a is 
made very small. 

5th. To set the finding circle, direct the telescope to a 
bright star near the zenith, whose declination is S- When 
the star enters the field of view move the telescope so that 
the star desciibes a diameter of the field, and clamp tlie 
instrument. If the circle is designed to give the zenith 
distances, set it at the reading 

z <l> — S. 

It will then read correctly for all other stars, neglecting 
the refraction. 

6th. To adjust the instrument in azimuth, direct the 
telescope to a star near the zenith whose right ascension 



146 


PHAOTIOAL. ASTBOKOMY 


is a^. Observe its transit over the middle wire, and let the 
chronometer time of transit be 0^, The approximate chro- 
nometer correction is 

— Oy 

Set the telescope for a circumpolar star whose right ascen- 
sion is a few minutes greater than a^. It culminates 
approximately at the chronometer time 

^2 

Rotate the whole instrument horizontally so that the star 
is on the middle wire at the instant when the chronometer 
indicates the time 0^^ 

7th. Repeat the 2d adjustment. 

8th. Repeat the 6th adjustment. 

9th. The final adjustment in azimuth should be tested 
by the method of § 98. 

DETERMINATION OP TIME 

101. When the chronometer correction is required to 
be known very accurately, it is customary to observe the 
transits of ten or twelve stars. The observing list should 
be made out very carefully, in advance. Half the stars 
should be observed with clamp west, the other half with 
clamp east, since any errors in the adopted values of 
p and c will be practically eliminated by reversing the 
instrument- To determine a well, a pair of azimuth stars 
should be observed before reversing, and another pair after 
reversing. The remaining stars on the list should be those 
which culminate near the zenith, or between the zenith and 
equator ; since the zenith stars are affected least by an error 
in the adopted value of a, and the time of transit can be 
estimated most accurately for the rapidly moving equa- 
torial stars. There is no method of eliminating an error 
in 5, and it must be very carefully determined. A good 
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program to follow, with small or medium-sized instru- 
ments, is 

Take the level readings 
Observe half the stars 
Take the level readings 
He verse the instrument 
Take the level readings 
Observe half the stars 
Take the level readings 

If there is time between the stars for making further level 
readings, they should be made. In reversing, the instru- 
ment should be handled very carefully to avoid changing 
the constants. 

102. Example- Wednesday, 1891 Feb. 26. The follow- 
ing observing list was prepared and the stars observed by 



Object 

Mag. 

a 

d 

Setting 

(1) 

Level 

i 




(2) 

TT Cephei, S. P. 

4.6 

23* 4^^ 20'* 

74P 47'.9 

^ N. 02*^ 55' 

(-0 

S Leon is 

2.3 

11 8 20 

21 7 

S. 21 10 

(4) 

(5) 

V Ursce Major is 

3.3 

12 37 

33 41 

S. 8 36 

or Leonis 

4.1 

15 32 

6 38 

S. 35 39 

(6) 

(7) 

(8) 

\ Draconis 

Level 

Reverse 

Level 

3.3 

25 0 

69 56 

N. 27 39 

I 

(9) 

X UrscB Majoris 

3.8 

40 19 

48 23 

■ N. 6 6 

CIO) 

/3 Leonis 

2.0 

43 31 

15 11 

■ S. 27 6 

(11) 

j3 Virg m is 

3.3 

45 2 

2 -23 

S. 39 54 

(12) 

(IS) 

y UrscB Majoris 
Level 

2.3 

48 8 

54 18 

]sr. 12 1 

(14) 

€ Corvi 

3.0 

12 4 32 

1 

S. 04 18 

(15) 

(16) 

4 II, Draconis 
Level 

4.6 

7 12 

78 13 .2 

N. 35 50 


the eye and ear method with the transit instrument of the 
Detroit Observatory, to determine the correction to side- 
real chronometer Negus no. 721. The stars were selected 

o 

from the list in the Berliner A.^tronomiBGhee Jahrbueh^ pp. 
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190-827. For convenience in referring to them in the re- 
ductions tlxey are numbered, together with the level obser- 
vations, in the fii'st column. Their magnitudes are given 
in the third column. The ^‘Setting” is the reading at 
which the circle is to be set for observing each star. The 
circle of this instrument reads zero when the telescope 
points to the zenith and the degrees are numbered in both 
directions from the zero. The setting is therefore the 
zenith distance. 


The level observations and their reductions are 
(1) (7) (8) (13) (16) 


w. 

E. 

W. 

E. 

w. 

E. 

W. 

E. 

W. 

E. 

15.1 

9.1 

15.1 

9.3 

15.8 

9.0 

14.3 

10.3 

14.6 

10.1 

12.0 

12.1 

13.7 

10.8 

8.6 

15.9 

11.0 

13.5 

11.0 

13.5 

12.1 

12.1 

13.6 

10.8 

9.0 

15.4 

10.7 

13.9 

11.1 

13.5 

15.2 

8.9 

14.8 

9.5 

15.1 

9.4 

14.0 

10.5 

14.4 

10.1 

B' 4- 

1 .525^^ 

"f" 2 

.lOOd 


0 .212c? 

■f" 0 . 

225c? 

-h 0 

.487d 

B^ + 

0M91 

-f- O' 

'.262 

B'^ 

0».026 

-j- 0®. 

028 

+ 0® 

.061 

P - 

0^066 

- 0^ 

'.066 

P ~ 

0«.066 

- 0®. 

066 

- 0® 

'.066 

b' + 

0*.125 

4* O' 

'.196 

-f 

o 

q 

o 

4- 0*.< 

094 

4- 0® 

.127 


The times of transit over the five wires are given belo\Y. 


01. 

Object 

I 

II 

III 

IV 

V 


h 

W 

(1) 

s 

s 

5 

s 

h m s 

h m s 

+ 0».126 

(C 

(2) 

43.9 

14.6 

45.3 

16.0 

10 48 47.4 

10 49 46.44 

.136 

(( 

(3) 

26.8 

35.0 

43.0 

51.1 

63 69.3 

63 43.04 

.146 

tt 

(4) 

41.8 

50.9 

0.0 

9.2 

58 18.3 

58 0.04 

.156 

u 

(5) 

40.0 

47.6 

56.3 


11 1 10.8 

11 0 65.34 

.164 

( ( 

(6) 

37.1 

59.3 

21.5 

43.9 

11 6.1 

10 21.60 

.188 

' 

1 

in 







.196 

E 

(8) 







.040 

(( 

(0) 

6.6 

54.3 i 

42.9 ' 

31.2 

25 19.6 

25 42.72 

.067 

n 

(10) 

10.2 

2.4 

64.5 

46.6 

28 38.6 

28 54.44 

.067 

it 

(11) 

40.7 

83,2 

26.6 

17.9 

30 

30 29.35 

.072 

ii 

(12) 

57.2 

44.2 

31.1 

18.0 

33 4.8 

33 31.06 

.080 

(( 

(13) 







.094 

il 

(U) 

12.1 

3.9 

66.6 

47.4 

49 39.8 

49 66.66 

.114 


(16) 

49.2 

11.6 

34.2 

56.4 

51 19.4 

62 34.14 

.120 

it 

(16) 







,127 
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For clamp east, and for lower culmination clamp west, the 
transits occurred in the order V, IV, III, II, I. The mean 
of the observed times is given in the column 6^,^. The 
values of b are those found by interpolating for the instant 
of observation, assuming its value to vary uniformly with 
the time between two consecutive determinations. 

Observations for determining the collimation constant 
e were made by the method (^a), § 97, on the preceding 
afternoon and the following forenoon, which gave for 
clamp west e = + 0'\112 and <?==+• 0^108, respectively. 
We shall adopt their mean, == + O'MIO. 

The hourly rate of the chronometer was + 0M5. Let 
it be I'equii’ed to determine the chronometer coiTection at 
the chronometer time Oq = 11^^ 20^^^ which is approximately 
the mean of the observation times. The correction for 
rate is 20"*^) 0®.15. 

For convenience, let e — 0^021 cos <f> +■ we 

have 

c' = + 0*.110 — 0^.015 + O^.OOS = 4- 0®.098, for damp west, 

~ 0®.110 — 0®.015 — 0®.O0B = — 0®.128, for clamp east. 


Star (11) was observed over only the first four wires. 
In this case v = — 4 (it + H + ^^*4) = — 3^.827, and 
^ 0^.110 0\015 ^ 3^827 3\952, 


The values of -4, £ and O are taken from a table com- 
puted for the latitude of the Detroit Observatory. They 
are used here to three decimal jdaces; for ordinary work 
two are snfBcient. To illustrate the application of (222) 
and (284), we shall compute JL, JS and <7 for the stars 
(2) and (3). 

(2) (2) (3) (3) 


8 74:^ 47^9 A 4- 3.eS95 
^ 42 16.8 B --1.786 

sin (< 3 ^ + 8) 9.9496 O -3.813 

cos (<3f> 4* 8) 9.6582n 

sec 8 0.581 S 


8 21^ 7' A 4“ 0.387 
<l> 42 17 i? 4 - 1.000 

sin (< 3 !) - 8 ) 9.5576 C +1-072 
cos - 8 ) 9.9097 

sec S 0.0302 


The apparent right ascensions are taken as accurately 
as possible fi'om the Jahrbuch. We ax^e now prepared to 
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fill in the columns A., JS, <7, Sate, c' O, hJB and a; after 
which we can determine a, and thence aA. and 6' . 


Stax 


B 

C 

a at 6 

c'O 

bB 

aA 

&• 

a 

A .6 

Wt . 





8 

8 

8 

8 

7 h m 8 

h m 8 

m 8 


C ^) 

• 4 - 3.895 

- 1 . T 86 

- 3.818 

-.OS 

- 0.87 

-.24 

- 1.86 

10 49 48.89 

11 4 20.01 

+ 14 86.62 

0 

( 8 ) 

• 4 - .887 

4 - 1.000 

+ 1.072 

-.07 

+ .11 

+ .15 

- .16 

68 48.08 

8 19.66 

86.68 

2 

( 4 ) 

4 - .179 

4 - 1.187 

+ 1.200 

-.06 

+ .12 

+ .19 

- .07 

68 0.22 

12 86.77 

86.56 

2 

( 5 ) 

■ 4 “ .587 

■ 4 “ .818 

+ 1,007 

-.05 

+ .10 

+ .18 

- .23 

11 0 65.29 

15 81.78 

86.49 

2 

( 6 ) 

- 1.858 

+ 2.582 

+ 2.915 

-.02 

+ .29 

+ .49 

+ .54 

10 22.90 

24 69.62 

86.62 

1 

( 9 ) 

- . 16(1 

+ 1.497 

+ 1.606 

+ .01 

- .19 

+ .09 

+ .06 

26 42.69 

40 19.26 

86.67 

2 

( 10 ) 

” 1 ” .472 

+ .922 

+ 1.086 

+ .02 

- .18 

+ .06 

- .16 

28 54.28 

43 80.82 

86.59 

2 

( 11 ) 

+ .642 

+ .768 

+ 1.001 

+ .08 

- 8.95 

+ .06 

- .22 

80 25.27 

46 1.77 

80.50 

2 

( 12 ) 

- .857 

+ 1.676 

+ 1,714 

+ .08 

- .22 

+ . 13 

+ .12 

8381.12 

48 7.67 

86.65 

1 

( 14 ) 

+ .972 

+ .468 

+ 1.078 

+ .07 

- .14 

+ .06 

- .84 

49 65.80 

12 4 81.81 

86.61 

1 

( 16 ) 

- 2.875 

+ 3.966 

+ 4.898 

+ .08 

- .68 

+ .48 

+ 1.00 

62 85.07 

7 11.58 

+ 14 86.51 

0 


Using stars (2) and (6) to determine a we have 


a . 


ai=ll'‘ 4:™20''.01, 
Oy - 10 49 44 .76, 
-01 = + 14 35.26, 
Ai = + 3.396, 


a, = 11»24’»59*.52, 




02 = 11 
- Ua “ + 

A. o — 


10 22.36, 
14 37.16, 
1.353 ; 


and therefore, from (251), a = — 0^.400. Similarly, from 
(14) and (16) we obtain <35 = — 0^348. Using these as 
the values of a for clamp west and east respectively, we 
form the column aA, All the corrections have now been 
computed. Substituting them in (238) for each star, we 
obtain the values A^. 

Stars (2) and (16) were observed solely to determine a, 
and the values of AO furnished by them will be given a 
weight 0, in the last column. Assigning a weight 2 to the 
stars which culminate near the zenith and between the 
zenith and equator, and a weight 1 to those outside these 
limits, for the reasons given in § 99, we obtain for the 
weighted mean of the chronometer corrections, 


= + 14 ”^ 36«.55 ± 0 «. 009 , 

which we shall adopt as the chronometer correction at the 
time 0^ = 11^ 20”^. ^ 
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103. To illustrate the determination of c by the method 
of § 97, (c), J^olaris was observed at lower culmination 
the same night, as below. 


Polaris Level 


Clamp W 

Y 

12* 52^ 

Qa 

Clamp W 

Clamp E 

cc a 

lY 

12 

57 

61 

•\Y 

E 

W E 

Revei'sed 





13.9 

10.2 

9.9 14.0 

Clamp E 

III 

13 

3 

22 

12.0 

12.0 

11.4 12.5 

U 6C 

lY 

13 

9 

3 

12.1 

12.0 

11.4 12.4 

a 

Y 

13 

l^ 

54 

13.8 

10.2 

9.8 14.0 


The intervals of time required for Polaris to pass from 
V to III and from IV to III are given by (225) first put- 
ting it in the form 

sin J = 15 sin 1" sec S. i. 

The value of S was -f- 88° 43' 49". Substituting — 7*.607 
and ig = 15^.294 successively for i in the formula, we find 

J4 = 1° 25' 50" = 5’» 43».3, ia = 2° 52' 37" = 11"* 30».5 ; 

and therefore the equivalent times of transit over III are 

Clamp W 

12» 52”* 6* -f- 11”* 80*.6 = 13» 3™ 36».5 

12 57 51 H- 5 43 .3 = 13 3 34 .3 

Clamp E 

13» 3™ 22* = 13'‘ 3« 22*. 

13 9 3 - 5”* 48*.3 = 13 3 19 .7 

13 14 54 - 11 30 .5 = 13 3 23 .5 

Taking the means for clamp west and clamp east, we obtain 

= 18* 3”* 85*.4, Os. = 13* 3”* 21*.7. 

The level constants given by the above observations are 

5' = + 0*.060, I" = -0*.096. 

Substituting these in (243) we obtain 

c = 4- 0*.091, damp west. 
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BBBBCTIOK BY THE METHOD OE BEAST SQXJABES 

104. In. case the chronometer correction is required 
with all possible accuracy, the series of transit observations 
should be reduced by the method of least squares- Let us 
assume that the level constant, the rate and are accu- 
rately determined, and that the chronometer correction, 
the azimuth constant and the collimation constant are to 
foe obtained from the observations. To avoid dealing with 
large quantities, let be an approximate value of A^, 
and X a small correction to A^^^, such that 

+ = (252) 

Further, let 

A(9o + <9^ -f ~ 0«.021 cos C + C 4- (6»^. - <9o) 8<9 - a = d- (253) 

Then (233) takes the form 

djk. cC *4“ 37 -f" ~ 0, (254-) 

the lower sign being for clamp east. A value for iS.6^ 
having been assumed, all the terms in (253) are known 
for each star. Therefore, a, o and oo are the only unknown 
quantities in (264). Each star furnishes an equation of 
this form, and their solution by the method of least 
squares gives the most probable values of c and x ; 
and therefore, by (252), the most probable value of A<9- 

105. The accuracy with which the time of ti^ansit of a 
star over a wire can be estimated depends upon the power 
of the instrument and the declination of the star. As- 
sistant Schott of the Coast Survey^ discussed a large 
number of observations, and found that the probable error 
of the observed time of transit over one wire is best repre- 
sented by 

€ = V (0.063)^ 4 (0.036)^ tan^ 8, for large instruments, 
e == V (0.080)*^ 4 (0.068) ^ tan^ 8, for small instruments. 

^ See U. S. Coast and Geodetic Survey Report for 1880. 
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The values of € given in. the table below are computed 
from these for the different values of 8. If 1 be the 
weight of an observation of an equatorial star, its 
probable error, and p the weight of an observation of 
any other star we have, from theory, 


For large instruments, = 0^063, and for small ones, 
= 0*'.080. Substituting the values of e in this equation 
we find the following values of p. 


d 

Large Instruments 

Small Instrtinieiits 

€ 

p 

' s/p 

e 

P 

Vp 

0 ^ 

± 0«.06 

1.00 

1.00 

± 0“.08 

1.00 

1.00 

10 

.06 

1.00 

1.00 

.08 

.98 

1.00 

20 

.06 

,98 

1.00 

.08 

.92 

.96 

30 

.07 

.91 

.95 

.09 

.83 

.91 

40 

.07 

.82 

.90 

.10 

.70 

■ .83 

50 

.08 

.69 

.83 

.11 

.58 

.73 

55 

.08 

.61 

.78 

.12 

•44 

.60 

60 

.09 

.51 

.71 

.14 

.34 

.59 

65 

.10 

.40 

.63 

.16 

.26 

.51 

70 

.12 

.29 

.54 

.19 

.18 

.42 

75 

.15 

.18 

.43 

.25 

.10 

. 82 ' 

80 

.21 

.09 

.30 

*37 

.05 

.22 

85 

.42 

.02 

.15 

.72 

.01 

.11 

86 

.52 

.015 

.122 

.90 

.008 

.088 

87 

.69 

,008 

.091 

1.21 

.004 

.066 

QQ 

OO 

1.03 

.004 

.061 

1.82 

.002 

.044 

89 

2.06 

.001 

.031 

3.70 

.000 

.022 

90 

^ ^ ^ 

OO 

.000 

.000 

CO 

.000 

.000 


The' observation equations (254) should be multiplied 
through by the square roots of their respective^ weights 
before forming the normal equations. (264) becomes 
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In case some of the wires have been missed, the weight 
is diminished. If we let 


N = the whole number of wires, 
n = the number of wires observed, 

1 = the factor for an observation over the W wires, 
P == the factor for an observation over n wires, 

then the weight for an incomplete transit is pP. 
Assistant Schott found that we should use 


P=: 


1 + 


1.6 

A 


1 “ 1 “ 


1 . 6 ’ 


n 


for large instruments, 


(256) 


p — for small instruments. (257) 

1 +^ 

n 

The following table gives the value of P for reticles con- 
taining seven and five wires, for the different values of n. 


Large lustiTunents 

n 

P 

n 

P 

7 

1.00 

5 

1.00 

6 

.97 

4 

.94 

6 

.93 

3 

.86 

4 

.88 

2 

.73 

3 

.80 

1 

.51 

2 

.68 



1 

.47 




Small Instruments 

n 

P 

n 

P 

7 

1.00 

5 

1.00 

6 

.96 

4 

.93 

5 

.92 

3 

.84 

4 

.86 

2 

.70 

3 


1 

.47 

2 

.64 



1 

.43 




106 . We shall now apply these methods to the reduction 
of the transit observations in § 102. 

We shall assume A0 q = + 14^ 36^5. The values of 
“ ^o) ^ obtained as before, and we 

shall use their values tabulated in § 102. To compute the 
terms — 0^021 cos <j> O and 4 (7, let — 0^021 cos ^ 

Then 
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c" — — 0*.015 4 - 0».003 = — 0*.012, for clamp west, 
c" = — 0 .015 — 0 .003 = — 0 .018, for clamp east, 
c" = - 0 .015 - 3 .827 = - 3 .842, for star (11). 

The products c'’Q are given in the table below. The 
value of d is found for each star by (253). The column 
is taken from the table for the large instruments ; but 
for star (11), which is incomplete, the square root of the 
weight is found from jpP. 


Star 


d 

Vp 

( 2 ) 

+ 0*.06 

4 * 1®.66 

0.48 

(3) 

- .01 

- .05 

.99 

( 4 ) 

- ,01 

— .11 

.98 

(5) 

~ .01 

“ 1 ” .13 

1.00 

( 6 ) 

- .08 

- .98 

.54 

(9) 

~ .08 

- f " .03 

.84 

( 10 ) 

- .02 

4 - .18 

1.00 

( 11 ) 

8 . 84 : 

4 " *83 

.97 

( 12 ) 

- .08 

wwijw ^ 

,79 

( 14 ) 

•“ .02 

4 ” » 4 S 

,99 

( 15 ) 

— .09 

-- .47 

. .84 


Substituting the values of (7, d and Vp in (255), 
being careful to change the sign of the c term for clamp 
east, we have the weighted observation equations 


4- 

1.462 a 

— 

1.84b <! 

y 4 

D.48 cc 

4 

0.714 = 

= 0 , ■ 

4" 

.888 

4 

1.061 

4 

.99 

— 

.049 = 

= 0 , 

+ 

.166 

4 

1.116 

+ 

.98 


. mL> *"* 

= 0 , 

4* 

.687 

+ 

1.007 

4 

1.00 

4 

.180 = 

= 0 , 

— 

,781 

4 

1.574 

+ 

.64 

— *• 

.529 = 

= 0 , 


.184 

— 

1.267 

4. 

•84 

4 

.026 = 

= 0 , ■ 


,472 

— * 

1.036 

4. 

1,00 

4 

.180 = 

= 0 , 

H- 

.028 

—** 

.971 

4 

.97 

4 

.820 = 

= 0 , 


.282 

— 

1.354 

4 

.79 

4 

.010 = 

= 0, 

4* 

.962 

— 

1.067 

4 

.99 

4 

,446 2 

= 0 , 


.977 


1.696 

4 

•84 


.100 = 

= 0. . 


( 268 ) 
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The normal equations formed from these are 


4 5.7 80 CR 

- 2.278 c +■ 2,714: X + 2.331 = 

= 0, ' 

- 2.278 

+ 18.020- - 2.505 

- 2.807 = 

= 0, ■ 

4 2.714 

- 2.505 4- 7.689 

-f 0.918 = 

= 0. , 


Their solution gives 

a =■ — 0®.883, <3=4- 0*.115, x — + 0*.053 ; 

and therefore 


( 259 ) 


= A(9o -+ re = 4- 14“ SB-'.S + 0».053 = + 14“ 36^553. 

The weights of the quantities just determined are 
Pa — 4.71, Pc = 16.80, px = 6.29. 


Substituting the values of a, c and x in (268), we obtain 
the residuals a/^, 

- 0.012, - .021, + .011, + .0T4, - .089, — .024, — .06T, + .021, + .010, + .OOT, + .001. 


The sum of the squares of these is Sjow = 0.0134. The 
probable error of an observation of weight unity is 
given by j 

rj = ± 0.674yJ~^, (260) 


where m is the number of observation equations, and a is 
the number of unknown quantities. In this case m = 11 
and g = 3. Therefore = ± 0^028. 

The probable errors of the unknowns are given by 


Therefore 




fa — i 0®.013, 7*0 — 4: 0*.007, fx 4: 0*.011, 

and 

a = — 0“.383 ± O’.OIS, 
c = 4* 0".115 ± 0*.007, 

A6I = + 14“ 36*.553 ± O'.Oll. 
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COBBEOTION I’OR PLEXUBE 

107. In the broken or prismatic transit instrument 
(§ 90), a correction for flexure due to the bending of the 
axis must be applied. The effect of the flexure is to 
change unequally the positions of the eyepiece and objec- 
tive, which is the same as changing the inclination of the 
axis. It can therefore be allowed for by changing the 
measured inclination b, using 

h for clamp west, 

h — f for clamp east, 

f being the coefficient of flexure, and the eyepiece being 
on the clamp end of the axis. 

It requires special apparatus to determine f directly, so 
that unless its value for a particular instrument has been 
well determined, it is best to reduce all the transit obser- 
vations by the method of least squares, inserting another 
unknown quantity y, thus: 

V^CaA ±fB±cC ■+a; + d') = Q. (262) 

PERSONAL EQUATION 

108. It generally occurs that two observers differ appre- 
ciably in their estimates of the time of transit of a star 
over a wire. Some observers acquire the habit of noting 
a transit too early, while others note it too late. To illus- 
trate, if a star actually transits at 9*.5, one observer may 
note it systematically at 9*.7, whereas another may note 
it systematically at 9^.2. An observer’s absolute personal 
equation is the quantity which must be applied to his 
observed time of transit to produce the actual time of 
transit. The relative personal equation of two observers 

• is the quantity which must be applied to the time of 
transit noted by one observer to produce the time noted 
by the other. 

The personal equation arises from the observers’ habits of 
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observation, and under uniform conditions may be regarded 
as sensibly constant for short periods of time. The relative 
personal equation of two most skilful observers, Bessel 
and Struve, was zero in 1814, but in 1821 it had increased 
to 0®.8 and in 1828 to 1*.0. An observer’s absolute per- 
sonal equation will depend very considerably upon the 
circumstances under which he observes. It will in general 
be diffei'ent for observations made with a chronograph 
and for those made by the eye and ear method ; for those 
made with a clock beating seconds and with a chronome- 
ter beating half -seconds ; for large and for small instru- 
ments ; for equatorial and for circumpolar stars ; for bright 
and for faint stars ; for stars and for the moon’s edge ; for 
different positions of the observer’s body ; for the observer’s 
different degrees of fatigue ; and for other variable cir- 
cumstances. 

It is seldom that an observer’s absolute personal equa- 
tion exerts an injurious effect upon results obtained in 
completed form from his own observations. But when 
results obtained by two observers are to be compared or 
combined, it is often essential that their personal equation 
be eliminated. 

The relative personal equation of two observers A. and JB 
may be determined by one of many methods. 

(cC) Let A observe the transit of a star over the first three 
or four threads of a transit instrument, and B its transit 
over the remaining threads. For a second star let the 
observers alternate, B observing the transits over the first 
threads, and A over the last threads. When twenty-five 
or more stars have been observed, let the observations of 
each be reduced to the corresponding times of transit over 
the middle wire, by equation (226). The difference of 
times thus obtained for the two observers will be their 
relative personal equation. The objection to this method 
is that the observers are liable to be unduly hurried in 
exchanging positaons at the eyepiece. 
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(by Let A observe a star’s transit over all tbe threiads as 
usual. Let a second star’s transit be observed by S as 
usual. In this manner let the observers alternate until 
each has observed a long and well selected list of stars for 
determining: the clock correction. Let each reduce his 
observations as usual. The difference of their clock cor- 
rections will be their relative personal equation. 

(e) Various personal equation machines have been de- 
vised for measuring personal equation. In these an artifi- 
cial star is made to cross a field of view arranged with a 
reticle just as in the transit instrument, and the observer 
notes the times of transit in the usual manner. The 
actual times of transit are recorded automatically by an 
electrical device. The difference of the times determined 
in the two ways is the observer’s absolute equation, pro- 
vided the machine has no personal equation in making its 
automatic record. At any rate, the difference of the 
results thus obtained for two observers is their relative 
personal equation. 

The original programs of observation should always 
be arranged, if possible, with reference to the direct elimi- 
nation of the personal equation. For example, in the case 
of longitude determinations, the personal equation of the 
observers is eliminated by their exchanging places when 
the program of observations is half completed; and 
similarly in other cases. 

DETERMINATION OF GEOGRAPHICAL LONGITUDE 

109. The accurate determination of the difference of 
longitude of two places requires the accurate determination 
of the time at each place and a method of comparing these 
times. One of the following methods of comparison is 
generally employed. 

(ay Sy Transportation of Chronometers. Let the eastern 
place be JT, the western place IF, and the difference of their 
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longitude, L. Determine the correction and the rate 
80 of a chronometer at at the chronometer time 0^* 
Carry the chronometer to TF, and there determine its cor- 
rection A^^ at the chronometer time Then 

+ i\.9^ = correct time at W at chronometer time 0 ^ ; 
9^ 4- A^e + 6^ = correct time at JS' at chronometer time 

Their difference is 

L = + W (0^ - 0e) - A(9«,. (263) 

The rate of the chronometer during transportation gen- 
erally differs from its rate when at rest. The change may 
be eliminated largely by transporting it in both directions 
between E and TF The rate is also a function of the tem- 
perature and the lubrication of the pivots. It has been 
found that the rate m at any temperature ^ can be repre- 
seated by the formula 

m = »io + /i: (i9- — — k't, (264) 

in wMoh #0 is the temperature of best compensation, 
the rate at that temperature with t = 0, t the time meas- 
ured from that instant, k the temperature coefficient and 
k' the lubrication coefficient. By determining k, 
and k^ for each chronometer, keeping a record of the tem- 
perature during transportation, and transporting several 
chronometers in both directions, the method yields good 
Results. It should never be employed, however, except 
when the telegraphic method is impracticable. 

(b'y JBy the Electric Telegraph. To illustrate the sim- 
plest application of the method first, let the observers at 
E and W determine their chronometer corrections. Next, 
let the observer at .E tap the signal key of the telegraph 
line joining E and W simultaneously with the beats of 
his chronometer, and let the observer at W note op his 
chronometer the times of receiving these signals. In the 
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same way let the observer at W send return signals to 
the observer at jEJ. Let 

= correct time at of sending signal, 

= correct time at TV of receiving signal, 

0^' = correct time at PFof sending I'etarii signal, 

0/ = correct time at jE? of receiving return signal, 
u = the transmission time. 

Then 

4” /A — Z/ ™ 

— /X — Z/ = 

Therefore 

Z = i (0, + 0e') - i (0^o 4- 0J), (265) 

^ = i (0^ ^ 0J) ^ I (0, - 0,^). (266) 

There are several small errors affecting the value of L 
obtained by this method of comparison, viz. : 

1st- The personal equation of the observers in sending 
and receiving the signals ; 

2d. The time required to close the circuit after the 
finger touches the key, and to move the armature of the 
receiving magnet through the space in which it plays — 
called the armature time. 

3d. The personal equation of the observers in determin- 
ing the chronometer corrections, and errors in the right 
ascensions of the stars employed. 

These must be eliminated as far as possible in i*efined 
determinations. This is best done by a modification of 
the above method, called the method of star signals. One 
clock or chi*onometer, provided with a break-circuit, is 
placed in the circuit of the telegraph line, and at each 
station a chronograph and the signal key of a teansit 
instrument are placed in the same circuit. The same list 
of stars is observed at both places, thei^eby eliminating 
errors in the right ascensions. When the first star crosses 
the wires of the transit instrument at the observer 
makes the records on hoth chronographs by tapping his 
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key. When the same star reaches the meridian of W the 
observer there makes a similar record on both chronographs, 
and similarly for the other stars. The observers must also 
make suitable observations for determining the constants 
of their instruments and the rate of the clock. Let 

= the clock time ■when a star is on the meridian of JE, from the 
chronograph at E, 

6J = the same, taken from the chronograph at W, 

Ota = the clock time when the same star is on the meridian of W, taken 
from the chi-onograph at E, 

Ota' = the same, taken from the chronograph at W, 
e = the absolute personal equation of the observer at E, 
w = the absolute personal equation of the observer at W, 

SO = the correction for rate in the interval Om — 

Then 

Ota “i" ^0 W7 — fX — X- ” Oe "b e, 

Ota' "b ”b ^ '4* — JLi azz Oj + e. 

Therefore 

X = i - 4 (^„ + ej) +hO + w-e, 

which we may write 

X = Xi + w - (267) 

If now the observers exchange places and repeat the 
observations we shall obtain 

L = + e -w, (268) 

provided their relative personal equation has not changed. 
Therefore, 

i = 4(Xi + X2). (269) 

Great care must be taken in arranging the circuits to 
insure that the electric constants are the same at both 
stations. This condition can be secured by means of a 
rheostat and galvanometer placed in the circuit at each 
station. If there is any doubt as to the equality of the 
constants, any difference in the armature times at the two 
stations may be eliminated by exchanging the electrical 
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apparatus, along with, the observex-s, at the middle of the 
series. 

If the above oonditiojis are realized, the resulting longi- 
tude will be free from all errors except the acoidentiil 
errors of observation. 

The method of star signals requires the exclusive use of 
the connecting telegraph line for several hours on eacli 
observing night. If such an. arrangement is imjjossilile, 
the observers must adopt some praoticable method. Thus, 
if the telegraph line can be used only a few minute.s each 
night, a set of adopted signals can be sent back and forth 
in such a way as to be recorded on both chronographs. 
The time at the two stations having been accurately deter- 
mined, from a carefully selected list of star’s, the results 
obtained by this method are nearly as accurate as 
obtained by star signals. 

The clock or chronometer should never 
directly in the circuit joining the two stations, as the our 
rent would generally be strong enough either to chanj 
its rate or to injure its mechanism. It should 
in a local circuit of its own, with a cuxTcnt j' 
to work a relay connecting it with the main circuit. 

If so desired, a clock or chronometer may 
with the circuit at each station, so that 
will be recorded on both chronoefraphs. 

It is the custom of the Coast Survey to 
tudes from observations and signals on 
observers exchanging places at the middle of 

CO tAe Heliotrope. In mountainous 
telegraphic method of determining longitudes is m 
unavailable. The difference of longitude of two poim 
sight of each other can he determined from heliograp 
signals. The necessity for sending signals in both dii 
tions and for the observers exchanging stations will 
obvious. The equations involved will be similar to th 
in raetbod (5). 





n© lo: 
nights, 

rafifioni 
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(d!) By Moon Oulminations. The right ascension of tho 
moon is tabulated in the Ephemeris for eveiy hour of 
Greenwich mean time, whence its value may be computeci 
for any instant of time at a place whose longitude is known- 
Conversely, if its right ascension is observed at a given 
place, the Greenwich time corresponding to this right 
ascension can be taken from the Ephemeris. The Green- 
wich time minus the time of observation is the longitude 
of the observer west of Greenwich. 

The right ascension is best observed with a transit 
instrument in the meridian. An observing list, containing 
two azimuth stars and four or more stars whose declina- 
tions are equal to that of the moon as nearly as possible, 
is arranged so that the moon is near the middh of the list. 
The transits of the stars and the moon’s bright limb are 
observed in the usual way. From the star transits, the 
constants of the instrument and the chronometer correction 
at the instant of observing the moon are obtained, as before. 
The distance of the moon’s bright limb east of the meridian 
at the time of observation, 0m., is given very nearly by 
fthe neglected effect of parallax is small when the instru- 
ment is nearly in the meridian] 

T = aA + &J5 + c'C. (270) 

The values of A, B and O must be computed for the 
apparent declination; that is, the geocentric declination 
minus the parallax, given by (61). 

T is the time required for a star to pass through the 
angle t. If Aa is the increase of the moon’s right ascen- 
sion in one mean minute (given in the Ephemeris), the 
mean time required by the moon to describe the angle 
0 0 

T, is T — — The sidereal interval is therefore 

60 — Aa 


60.164 

’’ 60.164 - Aa‘ 


Let M = 


60.164 

60.164 — Aa 
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The values of log M can be taken from the following 
table : 


Act 

log- M 

Aa 

log 3£ 

Aa 

UgM 

Ace 

log 31 

P.65 

0.0121 

l«-95 

0.0143 

2«.25 

0.0166 

2«.55 

0.0188 

1.70 

•0124 

2.00 

.0147 

2.30 

.0169 

2 .60 

.0192 

1 .75 

.0128 

2.05 

.0151 

2.85 

.0173 

2 .05 

.0196 

1 .80 

.0182 

2.10 

.0154 

2.40 

.0177 

2 .70 

.0199 

1 .85 

.0136 1 

2.15 

.0158 

2 .45 

.0181 

2 .75 

.0203 

1.90 

.0139 

2.20 

.0162 

2 .50 

.0184 

2 .80 

.0207 


The “ sidereal time of semidiameter passing meridian ” 
is tabulated in the American Ephemeris, pp. 385—392. Let 
S represent it. The right ascension of the moon’s center* 
when on the meridian is equal to the observer’s sidereal 
time d, and is given by 

a = e = 6^-+ M ^ tM ^ S, (271) 

the upper or lower sign being used according as the west 
or east limb is observed. 

Example. T|ie moon’s east limb and seven stars were 
observed with the transit instrument of the Detroit 
Observatory, Saturday, 1891 May 23, to determine the 
longitude. 

The star transits gave 

= + 15“ 84*.93 at chronometer time 16* 13™, 
a — — 0®.360, 

5 — “f“ 0-674, 

c' = + 0.100. 

The mean of the observed times of transit of the moon’s 
second limb over the five wires was 

6„ = 16* 12“ 45''.60. 

The moon’s geocentric declination = — 22° 3', 

Parallax = 0 51, 

The moon’s apparent declination 54. 
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Therefore, A = -\- 0.985, jB = + 0.455, (7 = -f 1.085 ; and 
r = 0*.04 = rM. From the Ephemeris, p. 388, S ~ 1”* 9*.90. 
Therefore 

a = 0 = 16* 12™ 45«.60 + 15™ 34».93 + 0».04 - 1™ 9^90 = 16* 27™ 10».67. 

From the Ephemeris, p. 83, the right ascension at Green- 
wich mean time 18^ was 16* 27®^ 20^32. The diffei’ence, 
9^65, corresponds to a difference in time of about 4”*. The 
average increase of right ascension per minute during this 
interval was 2*.3058. The exact value of the interval 
before 18* is 9.65 -5- 2.3058 = 4”*.185 = 4”* IIMO. The 
Greenwich mean time corresponding to the observed value 
of a was therefore 17* 66^ 48^90. The equivalent sidereal 
time was 22* 2”^ 0*.38, and the longitude of the observer 
was 

L = 22* 2™ 0'.38 - 16* 27™ 10».67 = 5* 34™ 49*.71. 

Longitudes obtained by this method can be regarded 
only as approximately correct, for two reasons : 

Ist. An^error in the observed right ascension introduces 

an error ~ times as great in the resulting longitude ; 

Aa 

2d. The tables of the moon’s motion are imperfect, and 

the tabulated right ascensions may be slightly in error. 

fin 

This would introduce an error about ^ as great in a 

Aa 

resulting longitude. The above example should be 
reduced anew when the corrections to the moon’s right 
ascensions for 1891 are published. 



CHAPTER VIII 


THE ZENITH TELESCOPE 

110. When a sensitive spirit level at right angles to the 
rotation axis, and a micrometer with wire moving parallel 
to the axis are added to the transit instrument, it becomes 
a zenith telescope. The level is called a zenith level. 
The transit instrument and the zenith telescope are fre- 
quently combined in this way, as shown in Fig. 20. 

DETBRMIN'ATION OP GEOOEAPHICAL LATITUDE 

111. The zenith telescope is specially adapted to deter- 
mining the latitude when great accuracy is required. The 
method employed is known as Talcott’s method. It con- 
sists in measuring the difference of the zenith distances of 
two stars, one of which culminates south of the zenith and 
the other north of the zenith. The difference of their 
zenith distances should not exceed half the diameter of the 
field of view, to avoid observing near the edge of the field. 
The difference of their right ascensions should not exceed 
15^ or 20”*, to avoid any change in the constants of the 
instrument between the two halves of the observation ; 
nor should the difference be less than 2”* or 3"*, to avoid 
undue haste. The zenith distances should never exceed 
35°, to avoid uncertainty in the refractions. 

To prepare the observing list, an approximate value of 
the latitude must be known. This can be found from a 
map, or from a sextant meridian double altitude (§§ 84-87). 

167 



168 


PRAOTIOAL ASTLiONOMV'' 


Letting the primes refer to the southern star and the 
seconds to the northern star, we have 


Therefore 


8’ = <f> - n', 
8 " = 4 > + s". 


8> + 8" = 2<l>+(_z'' -z'). 


(272) 

(273) 

(274) 


which is the condition that the two stai’s of the pair must 
fulfill. Thus, in latitude 42° 17', and with an instrument 
whose field of view is 40' in diametei’, we must have two 
stars such that B' 4- S" is greater than 84° 14' and less than 
fe4° 54'. A pair is given below which meets these I’equire- 
ments. The “ Setting ” is the mean of the zenith distances. 
The assumed latitude is 42° 17'. 


Star 

Mag. 

Apparent a 

B 

z 

Setting 

K IT rscB M ajoris 

8.3 

8'‘56»12« 

-f 35^ 

N. 5® IS' 

-N. 9' 

38 Lyncis 

4.1 

9 12 5 

37 10 

S. 5 1 

S. 5 9 


Care must be taken, in forming the observing list, to 
employ only those stars whose declinations are well deter- 
mined. 

To observe the first star, the circle to which the zenith 
level is usually attached is made to read the “ Setting,'’ 
the telescope is rotated until the bubble nioves to the 
middle of the tube, and the micrometer wii-e is moved to 
the part of the eyepiece where it is known the star will 
pass. Thus, in the pair above, it is known that the first 
star will cross 9' [ = 5° 18' — 5° 9'] above the centei’. When 
the first star culminates, or within a few seconds of culmi- 
nation, bisect the star by the micrometer wire, and read the 
zenith level and the micrometer. Reverse the instrutnent 
without jarring it, bring the bubble to the ceiiter of the 
level again, and observe the second star in the same way 
as the first. It is sometimes preferable not to clamp the 
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instrument during tlie observations. Care must he taken 
not to change the position of the level with res^yect to the line 
of sight during the progress of an observation ; the angle 
between the two must he preserved. 

Let be the micrometer reading on any point of the 
field assumed as the micrometer zero ; the apparent 
zenith distance corresponding to when the level bubble 
is at the center of the tube; w', m" the micrometer read- 1 
ings on the two stars, the readings being supposed toj 
increase with the zenith distance ; li the value of a revolu- 
tion of the micrometer screw ; 5', V the level constants 
for the two stars, plus when the north end is high ; r" 
the refractions for the two stars. Then the true zenith 
distance of the southern star is given by 

-j" "4“ 5 

and of the northern star 

Substituting these in (274) and solving for we obtain 

^ = I (S' + S") + i Cm' - m")R + § (h' + h") + J (r' - »•"). (275) 

If the micrometer readings deci’ease for increasing zenith 
distances the sign of the second tex*m is minus. 

In case the zero of the level scale is at the center of the 
tube, 

' (//+ !,") = i [(«'+ h") _ (s' 4- s>)2 d, (276) 

in which n" s', s" ai-e the level readings for the two 
stars, and d is the value of a division of the level. 

In case the zero of the level scale is at one end of the 
tube, 

i Ch'+ h ") = i [± (?»'+ .%•') =F Ca"-f «")] d, (277) 

the upper sign being used when n' is greater than s', the 
lower when n' is less than s'. 
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The refraction correction is small, and can be computed 
diffei’entially by the formula 

i 0" - r»') z”), (278) 

Cl^ 

in which (z' — z"') is expressed in minutes of arc, and — is 

dz 

the rate of change of refraction in seconds of arc per 
minute of change in zenith distance. Differentiating C97), 

r = 58^' tan 

we obtain ~ = 58" sec® s sin 1', (279) 

az ^ 

the factor, sin 1 ', being introduced to make the two mem- 
bers homogeneous. Therefore, from (^278), 

J — r") = 29" sec^s; sin 1'' (z' — 52 "). (280) 

The values of ^ (r^ — can be taken fx'om the following 
table, for the mean zenith distance z of the stars. Since 
the micrometer term of the formula (275) gives the approx- 
imate value of this is used as the argument 

of the table, rather than z' — z'^ . The sign of this correc- 
tion is the same as that of the micrometer correction. 


Values op J (r^ ~ r") 


zf — 


M 

II 

0 

0 

0 

0 

II 

z = 20° 

iS; = 25^" 

2 ; = 30° 

0 = 35° 

2 

0^ 


".00 

".00 

".00 

".00 

".00 

".00 

1 . 


.02 

.02 

.02 

.02 

.02 

.02 

2 


.03 

.03 

.04 

.04 

.04 

.05 

3 


.06 

.05 

.06 

.06 

.07 

^ .08 

4 


.07 

.07 

.08 

. .08 

.09 

.10 

5 


.08 

.09 

.10 

-10 

.11 

.13 

6 


.10 

.10 

.11 

.12 

.13 

.15 

T 


.12 

.12 

.13 

-14 

.15 

.18 

8 


.18 

.14 

.16 

.16 

.18 

.21 

9 


.15 

.16 

.17 

.18 

.20 

.23 

10 


.17 

.18 

.19 

.21 

.23 

,26 

11 


.18 

.19 

.21 

.23 

.25 

98 

12 

- 

.20 

.21 

.23 

.25 

.27 

.31 
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In connection, witli tlie subject of refraction, a word, 
should be said in regard to securing good observing con- 
ditions. The observing room should be thrown open for 
thorough ventilation an hour or more before the observa- 
tions begin. The observing room should assume, as nearly 
as possible, the temperature of the outside air. The line 
of sight should not pass within the field of influence of 
a neighboring chimney, or other disturbing factor. Re- 
fined observations should not be attempted when the star 
images are very unsteady. 

If for any reason the star cannot be observed at the 
instant of culmination, the bisection may be made when 
the star is at some distance from the center of the field, 
the time of observation being noted. The polar distance 
of every star observed in this way will be too small. A 
slight correction, called the reduction to the meridian, 
must be applied. Let x represent it; and let t be the 
distance of the star from the meridian when it was ob- 
served, in seconds of time. 

In the right triangle formed by the meridian, the star’s 
declination circle, and the micrometer wire projected on 
the sphere, we have the side 90° — 8 and the angle t at the 
pole, to find the side 90° — (S ± a;). We can write 

cot (S ± jc) = cos t cob S. 


Expanding and solving for tan x, 

. , ("1 — cos 0 sin S cos 8 


We can put the denominator equal to unity without sensi- 
ble error, since t is always small. Therefore 

tan X = ± 2 sin^ J < sin 8 cos 8 = ± i sin 2 8 ■ 2 sin^ i t ; 


or, 


X 


± sin 2 S 


sin 1'' ’ 


( 281 ) 


the lower sign being used for stars observed near lower 
culmination. 
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The correction to the observed latitude will always 
If both stars of the pair are observed off the meridian, there 
will be two such terms to apply. 

The values of x are tabulated below with the arguments 
S and t. 

Values of x 


X it 


10 « 

15 « 

20 ® 

26 ® 

30 ® 

. S 5 » 

40 ® 

46 

60 ® 

^ 66 ® 

60 » 

t y 


''.00 

".00 

".00 

".00 

".00 

".00 

".00 

".00 

".00 

".00 


",00 

00 ^ 

5 

.00 

.00 

.01 

.02 

.03 

.04 

.06 

.08 

.10 

i .12 


.17 

85 

10 

.00 

.01 

.02 

.04 

.06 

.08 

.11 

.15 

.19 

.28 

.28 

.34 

80 

15 

.00 

.01 

.08 

.05 

.09 

.12 

.17 

.22 

.28 

.84 

.41 

.49 

75 

20 

.00 

.02 

.04 

.07 

.11 

.16 

.22 

.28 

.36 

.44 

.53 

.63 

70 

25 

.01 

.02 

.05 1 

.08 

.13 

.19 

.26 

.34 

.42 

.52 

.03 

.75 

65 

30 

.01 

.02 

.05 

.09 

.15 

.21 

.29 

.38 

•48 

.59 

.71 

.85 

60 

35 

.01 

.08 

.06 

.10 

.16 

.23 

.31 

•41 

no 

.64 

.77 

QO 

55 

4-0 

.01 

.08 

.06 


.17 

.24 

.38 

.43 

.54 

.67 

.81 

.97 

50 

45 

.01 

.08 

.06 

• [ L . 

.17 

.25 

.38 

.44 

. o 5 

.68 


.08 

1 

45 


112. The adjustments for the transit instrument, § 100, 
apply equally well, for the most part, to the zenith tele- 
scope. Special forms of the instrument, however, will call 
for special methods, which the intellio'ent observer will 
easily devise. 

The micrometer wire must be made perpendicular to the 
meridian. If this adjustment is perfect, an equatorial star 
will travel on the wire throughout its entire length. 

113. Example. The following observations were made 
with the zenith telescope of the Detroit Observatory, Mon- 
day, 1891 March 16. 


Star 

OliTOiiometer 

Micrometer 

Iievel 

n 

s 

K JJrsce Majoris \ 

4,Qm 30s 

18.647 

8.9 

35.7 

38 Lyncis 

8 56 10 I 

37.859 

39.6 

12.4 


Required the latitude. 
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The chronometer correction was + 16™ 47*. The value 
of one revolution of the micrometer screw is J? = 45". 042. 
The value of one division of the level is cZ = 2". 74. The 
mean places of the stars are given in the Jahrhuch^ p. 180. 
Their apparent places are found by the methods of § 55 
to be 

a" = 8* 56™ 12*, S" = 4- 47° 35' 21".33, 
a' = 9 12 5, S' = + 37 15 63 .05. 

Therefore 

i (S' + S") = 42° 25' 37".19. 

The micrometer readings decreased with increasing 
zenith distances. Therefore 

_ (ot' _ m") It =- 11.856 R=-8' 54".02. 

The zei'o of the level was at one end ; therefore, by (277), 

i (h' + b") = i (52.0 - 44.6) d = + 5". 07. 

The half difference of the zenith distances is 8' 54", and 
the mean zenith distance is s = 6° 9'. Therefore, from the 
table for differential refraction, 

i (,.' _ r") = - 0".16. 

The first star was observed at an hour angle i = 4- 11*; 
therefore, from the table, the value of ^ x for the northern 
star is 

lx" = + 0 ". 02 . 

The second star was observed at the hour angle t — — 8®; 
therefore the value of % x for the southern star is 

I x> - + 0 ". 01 . 

Combining the terms of (275) and the reductions to the 
meridian, we obtain 

<!> == 42® 16' 48".ll. 

[The known value of the latitude is about 42® 16^ 47 ^^3*] 

114. In very accurate determinations of the latitude, a 
number of pairs of stars should he observed several times 
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in this way, and the results combined by the method of 
least squares. If we let and be very nearly the 

true values of (p, li and d, and let A<j!», A.R and Ad be 
slight corrections to <)5>o, li^^ and each observation fur- 
nishes azi equation of the form 

+ A<j> = j.(8' + 8") + 4 (»«' - m'<) (/?„ + A/e) 

"f“ :4 “f* .'*^03 C^o “f" A^i “H 4 ““ -f" 4 4 

Let 


& = - 4 (S' 4 - S'O - i (m' ~ m") 2 i„ 

— 4 []i (>*',+ T (h" + ^*"13 d() — 4 (>•' r") — 4 a; — 4 (iiSi*) 

Then 

Ap — 4(wt' — ?/i")AjF2 — 4'fd:(w' + s')4-(?*" s"!]] A<^ -{- ^ = 0, («J8tl) 


is an observation equation for determining Ap, AR and Ad. 
Thus, in the example above, if we assume ^o = 42° 16' 47".0, 
Jio = 45".040, do = 2".70, we find A = - 1".06, and (288) 
becomes 

Ap + 11 . 8 r )6 AR - 1.85 Ad - 1.00 = 0 . (284 > 


Forming the corresponding equations for the otlier paij*a 
observed and solving by the method of least square.^, the 
most probable values of Ap^ AM and Ad, and therefore 
of p, M and d, are obtained. 

However, it has recently been shown that the latitude 


of a place vaiies appi'e 
few weeks ; and latitude 
any direct method, 



the result be taken as the latitude at the mean of the 
observation times. 
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THE MEEIDIAN CIRCLE 

115. The Meridian Circle consists essentially of a transit 
instrument with a graduated circle attached at right angles 
to, and concentric with, the rotation axis. The graduated 
circle rotates in common with the telescope, and is read by 
reading microscopes firmly attached to one of the support- 
ing piers of the instrument. The best instruments are 
provided with two graduated circles. One of these circles 
usually remains fixed on the axis for an indefinite time; 
whereas the other is movable, and many observers are 
accustomed to rotate it through any desired angle [and 
clamp it firmly to the axis] from time to time. 

An excellent form of the meridian circle is illustrated, 
with many details omitted, in Fig. 25. Two massive 
supporting piers extend down to solid earth or rock foun- 
dation ; and, as in the case of all telescope piers, are com- 
pletely isolated from the floor and building. The circular 
drum on each pier carries the four long slender reading 
microscopes for reading the graduated circle, on which 
they are focused. The pivots rest in V’s attached to the 
inner head plates of the drums. The counterbalance levers 
are shown on the tops of the drums. A lifting arm de- 
scends from the inner end of each lever and rests, with 
roller bearings, on the under side of the axis. The chain 
descending from the outer end of^the lever, through a hole 
in the pier, carries a counterweight. Nearly the whole 
weight of the instrument is supported in this manner, leav- 
ing only a small residual weight to be borne by the V’s. 
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The level is in position on the instrument, suspended from 
the pivots. It is visible immediately under the circles. 
The eyepiece is supplied with the usual number of verti- 
cal threads, and with vertical and horizontal micrometer 
wires. A basin of mercury, not visible in the cut, is 
mounted below the level of the floor, immediately under 
the center of the instrument, on a pier isolated from the 
floor. The small telescope showing’ just below the ob- 
jective of the lower left reading microscope is the setting 
telescope,” used for setting the instrument at any desired 
circle reading. The auxiliary apparatus shown is, the 
observing chair in the foreground, the adjustable mercury 
basin for reflection observations, and the reversing carriage 
in the background. The field of view and the wires are 
illuminated by light from a lamp at the side of the room, 
shining through the hollow axis, as in the case of the 
transit instrument. A system of small mixu'ors receives 
light from the same source and reflects it where it is needed 
for reading the circles and setting the telescope- The 
graduated circles are about two feet in diameter, and the 
graduations are two minutes of arc apart. The micrometer 
head of each micix)scope is divided into 60 parts, each 
division corresponding to The divisions may be sub- 

divided, by estimation, into 10 parts, each pai't being O^'.l. 

The meridian circle is used principally to determine the 
accurate positions of the heavenly bodies on the celestial 
sphere ; i.e., their right ascensions and declinations. It is 
fxirther adapted to determining the time and the geo- 
graphical longitude by the methods of Chapter "VII, and 
to determining the geographical latitude. 

116 . The determination of right ascensions* The princi- 
ples involved in this problem have been treated in Chap- 
ter VII. The stars whose right ascensions are to be 
determined (which we shall call undetermined stars}, 
are placed in an observing program which includes a 



178 


PRACTICAL ASTRONOMY 


considerable number of stars whose positions are accurately- 
known (which we shall call standard stars), and which are 
suitable for determining the azimuth of the instrument, 
and the time. The transits of all the stars, both unde- 
tei'mined and standard, are observed, the constants of the 
instrument are determined, and all the observations are 
reduced in the usual manner. The clock correction is 
determined from the standard stars, as usual. The right 
ascensions of the undetermined stars are found bj means 
of equation (233), which may be written 

a. = + a A + J-B + c'C + (^„, — &g) 80. (28.5) 

In forming the observing program, the undetermined 
stars should be preceded, accompanied and followed by 
standard stars. Likewise, the declinations of the standard 
stars should be nearly the same as, or at least should in- 
clude, the declinations of the undetermined star's, thereby 
eliminating. largely the uncertainties or progressive changes 
in the instrumental constants. 

Example. In the example of § 102, let it be assumed that 
the star (3) S Leonis and star (10) /3 Leonis are undeter- 
mined stars, and that the remaining nine stars of the list 
are standard stars. Required the right asceirsions of stars 
(3) aird (10). 

The value of the chronometer cori'ection from the nine 
standard stars is 

A0 = -1- 14’" 36».54. 

The right ascension computations may now be tabulated, 
as below. 


Star (3) S Leonis Star (10) (3 Leonis 



10^ 


' 43'.04 

11" 


^ 54".44 

AO 


14 

36 .54 

Hh 


36 .54 

aA 

— 


0.15 

— 


0.16 

hB 

•4” 


0 .15 



0.06 

cfC 

-f- 


0 .11 

— 


0.13 

COm- 

6q') so — 


0 .07 

4* 


0 .02 

a 

11 

8 

19 .62 

11 

43 

30 .77 
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117. Declinations and tlie latitude are determined from 
observations which involve readings of the graduated circle. 
The method of reading the circle by reading microscopes, 
and correcting for error of runs, is given in § 58. In 
modern instruments, pi'ovided with eyepiece micrometers 
moving in declination, the error of runs may and should 
be practically eliminated by a suitable method of observing. 
To illustrate, if it is the observer’s custom to read each 
microscope on only one graduation, the telescope should 
be directed, by means of the setting telescope, so that the 
graduation to be set on will always fall in the same posi- 
tion with reference to the zero of the microscope for all 
the observations of a series. Again, if it is the observer’s 
custom to read each microscope on two adjacent gradua- 
tions, these should always fall m the same positions with 
reference to the micrometer zero, the two graduations 
being, preferably, on opposite sides of the zero. Knowing 
the approximate position of the star to be observed, its 
“setting” — usually zenith distance — can be computed to 
the nearest even, minute, and the instrument set for that 
reading. As the star crosses the middle thread in the eye- 
piece, its distance from the zero position of the micrometer 
wire’ is measured with the declination micrometer. The 
microscope readings on the graduations are then secured, 
and later the declination mici’ometer is read. 

In reading the circle it is customary to take the degrees 
and even minutes from the circle as seen in one of the 
microscopes, and the seconds and fractions from the mean 
of the four mici'oscope readings. The reading thus 
obtained must be corrected for runs, for flexure, for the 
distance of the declination micrometer wire from its zero 
position, and possibly for errors of the graduations. 

118. The zero reading of the micrometer may be obtained 
from nadir observations [§ 97, (tZ)]. Let the observing 
telescope be directed vertically downward to the mercurial 
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basin. Obtain the micrometer readings when the wire is 
on each side of its reflected image, at minute and equal 
distances. The mean of the two readings is the reading 
for coincidence of the wire and its image, and is the zero 
reading of the micrometer. Let the microscopes be read for 
this position of the insti’ument, and coiTected foi‘ runs and 
graduation error. The result is the nadir reading of the 
circle. The nadir reading plus 180° is the zenith reading. 

Many of the older forms of meridian circles aie not pro- 
vided with declination mici’ometers, but have two Inul- 
zontal fixed wires marking the center of the field, as shown 
in E'ig. 19. In this case, when a star is crossing the middle 
transit thread, the entire instrument is moved by a slow 
motion screw until the star travels midway between the 
two horizontal wires. The microscope readings may tlius 
have any value up to 2', and the correction for runs must 
be carefully determined. Again, some instruments have 
a single horizontal fixed wire. 


119. Determination of the value of one revolution of the 
micrometer screw. The method of § 61, (a), is applicable, 
but a better method is the following : Direct the observ- 
ing telescope to one of the collimator’s (^described in § 97), 
so that the image of the horizontal wire of the collimator’ 
falls about half a radius above the center of the field. 
Determine the micrometer reading when the micrometer’ 
wire is coincident with the image of the collimator wire, 
and read the circle. Rotate the instrument so that the 
collimator image moves to the opposite side of the field 
of view, and agairr determine the correspondiirg micrometer 
and circle readings. The difference of the circle reading.^ 
divided hy the difference of the micrometer readings iss 
the value of a revolution of the screw. If a movable 
circle is available, several different arcs may be used for- 
this purpose, thereby eliminating very largely the effect ol: 
graduation errors. 
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120. JEccentrieity of the circle. As explained in § 69, 
tlie effect of eccentric mounting of the circle is eliminated 
by the use of two or more equidistant verniers or reading 
microscopes. 

121. Flexure, When the instrument is rotated from one 
position to another, the form of the observing telescope 
(and sometimes also the form of the graduated circle), is 
appreciably changed under the action of gravity. The 
bending of the telescope tube will do no harm provided 
the objective and the eyepiece are displaced the same 
amount, but a difference in their displacements changes 
the direction of the line of sight with reference to the 
circle graduations. This effect is called the flexure. 

In most modern instruments the flexure is very small, 
since the observing telescope is symmetrical with refer- 
ence to the rotation axis, and the mechanism at the eye 
end is made of the same weight as the objective and its 
cell. They are further designed so that the objective and 
eyepiece mechanism may be interchanged on the telescope 
tube. If we combine two observations of the same body, 
one made before interchanging the objective and ocular, 
and the other after interchanging them (the interchange 
involving at the same time a rotation of the telescope tube 
through 180°), the result will be free from flexure, theo- 
retically at least. 

The two collimators furnish a simple method of measur- 
ing the horizontal flexure, the flexure when the tele- 
scope is in a horizontal position. Let the horizontal threads 
of the collimators be biuught into coincidence, as explained 
in § 97, (^). The two threads then rej>resent two infi- 
nitely distant lines whose angular distance apart, measured 
through the zenith, is exactly 180°. Measure this distance 
in the usual manner. If there is no flexure, the difference 
of the circle readings should be exactly 180°. If any 
excess or deficiency exists, that excess or deficiency is 
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twice the horizontal flexure, plus the accidental and un- 
avoidable errors of the observation. 

jExample. Repsold Meridian Circle, Lick Observatory, 
Saturday, 1898 June 11, the following' observations were 
made by R. H. Tucker for determining the horizontal 
flexure. Circle east. 

Circle Reading on South Collimator .... 224® 56' 49".07 

North Collimator set on South Collimator 

Circle Reading on North Collimator .... 44 56 48 .64 

North Collimator set on South Collimator 

Circle Reading on North Collimator .... 44 56 48 ,58 

Circle Reading on South Collimator . . . . 224 56 48 .75 


Mean Circle Reading, North 44 56 48 .61 

Mean Circle Reading, South 224 56 48 .91 

Difference, North-South . . 179 59 59 .70 


The deficiency is O^^.SO and tlie horizontal flexxxre, is 
0^M5. The sign of the flexnre correction to the circle 
readings is readily found. As the telescope was turned 
from the south collimator through the zenith to the north 
collimator, the readings increased from 224° through 360° 
to 44°, and the measure of the angle is too small. 

The correction to the circle reading for a star south of the 
zenith is minus, and for a star north of the zenith is plus. 
If the instrument were reversed, circle west, the signs of 
the connections would be reversed. 

The mean value of resulting from 23 determinations 
by the same observer, extending through two years, is 
0''.066, but the value has been adopted, provisionally. 

Since the gravitational moment of any given mass in 
the telescope, with reference to the rotation axis, varies 
with the sine of the zenith distance of the line of sight, tlie 
general expression for the flexure is assumed to be 

Flexure = / sin 2 :, (286) 

though it is not probable that the flexures in all instru- 
ments can be represented by this law. 
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Tlie order of observation followed in the above example 
illustrates a general principle which should be taken into 
account, whenever possible, in forming programs of ob- 
servation with any instrument. The observations were 
made in one order, and repeated in reverse order, thereby 
eliminating lai'gely any possible progressive changes in the 
appai'atus. 

122. Errors of graduation exist in all circles and affect 
the angles measured by them. Whether these errors are 
negligible, or must be taken into account, depends largely 
upon the degree of refinement exacted by the problem in 
hand. In the case of small instruments constructed by 
first-class makers, the errors of graduation will generally 
be smaller than the least reading of the instrument, and 
may be neglected- The circles provided by the best makers 
for modern meridian instruments are nearly perfect. It is 
seldom that one of the graduations is displaced as much as 
from its theoretical position, or that the mean of four 
graduations 90® apart is in error by as much as 0'^5. 
Nevertheless, it is necessaiy to investigate every such 
circle to determine the degree of refinement which it will 
impart to observations depending upon its readings, and to 
secure data for eliminating errors arising fx^om its imper- 
fect graduation. The investigation of 10,800 graduations 
on a circle taxes the resoimces of most long established 
observatories so prohibitively that it is seldom or never 
carried to a finish. After the investigation has extended 
to all the graduations maxking the degrees, or at the 
most to those marking the 20' divisions, the natux^e and 
xnagnitxide of the systematic errors and the magnitude of 
the accidental errors will have been revealed, axid further 
determinations may generally he confined to the gradua- 
tions which are used with special frequency, the 

graduations used in determining the nadir reading, or 
those used with particular stars, or zones of stars. 
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It will be seen from the above that the problem is one 
for the professional astronomer and his assistants, I’atlier 
than for the student. A complete solution is therefore 
not called for in this place, but an outline of one of the 
best methods may be given. 

Let us suppose that the instrument has a fixed and a 
movable circle, each read by four microscopes 90° ai)art. 
As an origin for the entire system of measures, let it be 
assumed that the mean of the readings of the four micro- 
scopes on the 0°, 90°, 180° and 270° lines is free fi’om 
graduation error, in both circles. If now the axis of the 
instrument be rotated through a given angle, 30° for 
example, and the circle reading be taken, the observed 
angle will differ slightly from 80°, from several causes : 
first, the unavoidable errors of observation, whicli may la*, 
reduced mateidally by increasing the number of indepen- 
dent observations ; second, progx'essive changes in tlie Jiji- 
paratus, largely due to temperature variations, which may 
be reduced materially by repeating the observations l>atd<- 
wards ; third, differential flexure of the circle, which may 
be eliminated, it is assumed, by rotating the instrument on 
its axis through 180° and repeating the observations on 
the same lines; and fourth, the graduation errors of the 
divisions used. These considerations suggest the principal 
features of the program of observations. 

Let it be required, first, to determine the division errors 
of the 46° points of both circles ; i.e., the error for each 
circle affecting the mean of the readings obtaine<l fronx 
the four microscopes on the points 45°, 135°, 225° ami 
315°. Place the 0° of the two circles in coincidence and 
read the microscopes for both circles. To increase tlm 
accuracy of the determination by increasing the numl>er 
of observations, and at the same time eliminate tlie circle 
flexure, let these observations be repeated with the instru- 
ment rotated through one, two, three and four qxradrants. 
Now let the 45° line of the movable circle be made coinei- 
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dent with the 0^ line o£ the fixed circle, and a series of 
readings similar to the above be secured. Next let the 90° 
division of the movable circle be made coincident with the 
0° line of the fixed circle, and so on until a series has been 
secured with each 46° division of the movable circle in 
coincidence with the 0° of the fixed circle. In order to 
eliminate progressive changes in the instimment, as far as 
possible, let the above program of observations be re- 
peated in reverse order- The data will then be at hand 
for a thorough determination of the errors of the 45° divi- 
sions of both circles. Each arc of 46° on one circle has 
been compared with each such arc on the other circle. 
For example, the first 46° arc of the fixed circle has been 
used to measure each of the eight 45° arcs on the movable 
circle. The true sum of these eight arcs is 360°. If their 
sum measured by the fixed-circle arc differs from 360° by 
any quantity w, the relative division error of the mean 
reading of the fixed-circle microscopes on the 45° lines is 
I n. Similarly, the 46° division error for the movable 
circle may be computed. 

The division errors of the 16° readings of the two circles 
may be obtained by subdividing and comparing the 45° 
arcs just determined, or from the complete circles, as 
before ; and so on for the 5°, 1° and other i-eadings. 

When a circle has been investigated, the zero of the 
system may be changed arbitrarily by applying a constant 
to all the division ei’rors secured, either to make them all 
of the same sign, or to make their algebraic sum zero. 

The 1° readings of the fixed circle, and the 3° readings 
of the movable circle of the Repsold instrument of the 
Lick Observatory, were investigated by the above methods 
by R. H. Tucker.* The average errors of the fixed and 

* Eor further and fuller details, see articles by Professor Txicker in 
Publications Astronomical Society of the Pacific^ 1896, pp. 3S0-338, and 
1896, pp. 270-272. Also an article by Professor Boss in The Astronomi- 
cal Journal, 1896, Nos. 382, 383. 
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movable circle readings were ± 0".18 and ± 0".15, re- 
spectively. The following table contains the errors for the 
9° readings, by way of illustration. 


Eeading 

Pised Circle 

MoTal>le Circle 

0^ 

+ 0".18 

r ' ' ' 1 1 i.f 

+ 0”.10 

9 

— f- 0 .12 

— 0 .14 

18 

--■O .23 

4 0 .04 

27 

-0 .04 

4 0 .37 

36 

~ 0 .52 

— 0 .34 

45 

-0 .34 

4 0 .03 

54 

+ 0 .02 

— 0 .18 

63 

4- 0 .11 

-0 .07 

72 

— 0 .22 

0 • 1 4i 

81 

4- 0 .16 ' 

4 0 .08 

90 

+ 0.18 

4 0 .10 


In case the instrument has only one circle, its errors 
may be determined by means of two extra microscopes, 
placed 180° apart, in connection with the four regular 
microscopes.* 

It should be explained that many observers shift the 
movable circle from time to time, so that the several 
observations of any star will depend upon many different 
graduations of the circle, thereby reducing the magnitude 
of the division error affecting the mean result. 

The flexure of the circles in modern instruments is so 
small that to apply a correction for it is generally more 
objectionable than to omit it. This, and similar small and 
uncertain corrections are not ignored, however. Good 
practice requires that a star’s position be determined from 
an equal number of observations with circle west and circle 
east, with the result that several slight errors are largely 
eliminated from the mean of all the observations. 


* Por an exposition of this method, see Annalen der Sternwarte in 
Leiden., Band II, seite [60-92]. 
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123. Reduction to the meridian. Theoretically, the ob- 
server is supposed to bisect the image of a star with the 
declination micrometer at the instant of meridian passage. 
If for any reason the bisection is made at t seconds before 
or after meridian passage, the necessary correction x to 
reduce to the meridian may be found from equation (281) 
and the corresponding table in § 111. The correction x 
must be applied to the circle reading with the proper sign 
to increase the observed polar distance. 

124. Refraction. The refractions given by (95) must 
be applied to the circle readings in such a way as to 
increase the zenith distances. 

125. Parallax. Observations on bodies within the solar 
system will require correction for parallax, by the methods 
of §§ 26-27. 

126. The meridian circle is applied to the determination 
of declinations by two general methods. 

1st. Fundamental Determinations. The latitude <jt> of 
the observer being known, the equator reading of the circle 
is given by 

Equator reading = Zenith reading ± (287) 

the lower sign being for circle east. The difference 
between the circle reading for a star (corrected for refrac- 
tion, etc.), and the equator reading, is the declination of 
the star, determined fundamentally. 

2d. Differential Determinations. If a standard star be 
observed in the usual manner, its circle reading (corrected 
for refoaction, etc.), plus or minus its known declination, 
will be the equator reading of the circle. The corrected 
circle reading for an undetermined star will' differ* from 
the equator reading by the declination of the star. Fur- 
ther, the equator reading obtained from the standard star, 
combined with the zenith reading, will furnish a new deter- 
mination of the latitude. 



188 


PK ACTIO AIj ASTKOKOMY 


A. circnmpolfir star olbservcd. for latitude at botli 
and lower culmination has the advantage that any eri ox 
of declination is eliminated from the mean result ; hut tlic 
disadvantage, for observers situated well toward the cmjUcP 

tor, that the refractions are large. 

Since the latitude of a place varies appreciably, funda- 
mental determinations of declination require a knowlcMlge 
of the current value of the latitude. Pi'ograms for funda- 
mental work should contain a few standard Stars, as checks 
on each night’s results. 

In programs for differential work, the undetermined 
stars should be preceded, accompanied and followed by 
standard stars ; the range of declinations for the two kinds 
being about equal, to assist in eliminating uncertainties in 
refractions. The equator reading should be obtained from 
all the standard stars. A program covering four or five 
hours should contain eight or ten standard stax\s. If tixe 
value of the latitude is known, a long series of sxxch obsei'- 
vations of the standard stars will furnish corrections to the 
standard declinations themselves. 

The following abridged program of observations, made 
with the Repsold meiidian circle of the Lick Observatory, 
illustrates many of the important principles treated in this 
chapter. 

The mean of the nadir and micrometer readings taken 
just before and after the observations of stars furnished the 
values 

lYadir reading = 134'=’ 56^ 29".82, 

Micrometer (zero reading) = 17»'.000. 

The meteorological observations required for computing 
the refractions were made at 16.2 hours sidereal tiiiie, 
thus :• 

Barom. 25.70 inches, Att. Therm. + 64° F., Ext. Therm. + 6S°.<) F. 

Other meteorological observations were taken throughout 
the program. 



Thursday, 1898 Jcxe 9. Circle East. Observer, R. H. Tucker 
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By way of illiastration, the original circle, microscope and 
micrometer readings for the first star, 7 XItbcb Minoris^ were : 
Circle Microscopes ^ Micrometer 


349^46' I 45'M 

II 54 .0 

III 54 .1 

IV 55 .8 

Means 52 ,25 

Original circle reading . 
Correction for micrometer, 
Circle reading .... 


(480 16»‘.500 

54 .0 
54 .0 
56 .0 

52 .80 

349'^ 46' 52" .28 

+ 0^500 . + 24",05 

, . . . . 349° 47' 16".33 


In this program, the first and third stars are standard 
circnmpolars, the former at upper, and the latter at lower 
culmination. The second and sixth stars ai'e standard stai*s. 
The declinations assiofned are the apparent declinations of 
the standard stars, and the approximate declinations of the 
undetermined stars. The circle readings include the cor- 
rections for the readings of the declination micrometer. 
The apparent zenith distances, are the differences of the 
circle readings and the zenith reading, to be used in com- 
puting the refractions. The corrected circle readings, 
minus the declinations of the standard stars, are the ob- 
served equator readings, and their mean for the two south- 
ern stars is adopted as the equator reading. The differences 
of the zenith reading and the observed equator readings 
for the four standard stars are four values of the observed 
latitude. The corrected circle readings for the two unde- 
termined stars, minus the mean equator readings are the 
observed declinations. The corrections for graduation ’ 
errors have not been applied : the errors for the particular 
graduations used have not been determined. 


^ It is the custom of this observer to obtain the microscoi^e readings on. 
two graduations on opposite sides of the micrometer zero positions ; to 
use the mean of the seconds given by the eight readings ; and to correct 
for runs for the distance that the mean of the two graduations is from the 
micrometer zero. The value of the correction for runs is determined from 
all the readings of the program. 
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ASTRONOMICAL AZIMUTH 

127. In many problems in higher surveying the azimuth 
of a point on the earth’s surface, as viewed from the point 
of observation, is required to be very accurately known. 
It is determined^ by measuring the d'i Ifferenee of the azi- 
muths of the point and a star by means of a theodolite, 
a surveyor’s transit, or any similar instrument designed 
for measuring horizontal angles. The azimuth of the star 
is computed from the known right ascension, declination, 
latitude and time ; whence the azimuth of the point can be 
obtained. 

Only the four circumpolar stars, whose places are given 
in the Ephemeris, pp. 302-313, should be used in accurate 
determinations. 

The point whose azimuth is to be determined is marked 
conveniently by a lamp arranged to shine through a small 
hole in a box, placed directly over the point. It should be 
at least one mile from the observer. If no provision has 
been made for illuminating the wires of the telescope at 
night, they can be rendered visible by tying a piece of thin 
unglazed white paper over the object glass of the telescope, 
fii'st cutting a hole in the paper nearly as large as the 
object glass, and throwing the light of a bull’s-eye lantern 
on the paper. 

The instrument is set up over the point of observation 
(marked in some way) and carefully adjusted. The hori- 
zontal graduated circle is fixed in position by clamping. 
The level screws and other adjusting screws must not be 
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touched during a series of observations. If the rotation 
axis of the telescope is not truly horizontal, an error is 
introduced in the measured difference of azimuth of the 
mark and star, which must be allowed for. In tlie finer 
instruments the inclination of the axis is measured by 
means of a sti’iding lev.el. The effect of an eiTor of col- 
liination is practically eliminated by revei’sing' the instru- 
ment and observing- an equal number of times in botli 
positions. We shall consider that this is always done. 
If more than one series of observations is made, the liori- 
zontal circle should be shifted so that a differeiat part of 
it may be used, thereby eliminating largely any errors of 
graduation of the circle. 

128. Correction for Level. When the rotation axis of 
the telescope is inclined to the horizon, the line of sight 
does not describe a vertical circle, and the hoi-izontal circle 
reading requires a small correction. Let h be the eleva- 
tion of the west end of the axis above the horizon, and let 
the west end of the produced axis cut the celestial sphere 
in W ; let y be the corresponding correction to the circle 
reading ; and let 2/ be the zenith and S the star. Then, in 
the triangle WZSf, 

= 90 ° - .zrs = z, TVS = 90 ° TVJSTS ~ 00° + ?/; 

and, therefore, 

sin & cos z — cos 6 sin z sin y = 0. 

But 6 and y are very small, and we may write 

T/ = bcotz; (288> 

for circumpolar stars, we may write 

y = S tan (289) 

The value of 5 is found by (166) or (167), or by the 

methods of § 94. If the illuminated mark is not in the 

U ® readings on the mark must be corrected 

by (288), ■Qsmg its zenith, distance z. 
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129. Oorrection for dimmal aherration. Owing to diur- 
nal aberration the star will be observed too far east. In 
the most refined observations this must be allowed for. 
The correction to the circle reading is given by (118); 
which, for circumpolar stars, is approximately 

ilA = + cos A. (200) 

If the circles cannot be read to less than 1^', this correc- 
tion is negligible. 

130. Oorrection for error of If reading microscopes 

are used [§ 68], the circle readings must be fuilher cor- 
rected for error of runs. 


AZIMUTH HV A CIRGUMPOUAR STAB HEAR 

BUONOATXOH 

131. A star is at western or eastern elongation when its 
azimuth is the least or greatest possible. It is then moving 
in a vertical circle, and is in the most favorable position 
for azimuth observations. Only one observation can be 
made at the instant of elongation, but it is customary to 
make several ol>servations just before and after elongation, 
and allow for the change in azimuth during the intervals. 

At the instant of elongation, the triangle formed by the 
pole, star and zenith, which we shall denote by is 

right-angled at the star. If we let be tlie sidereal time, 
and and the azimuth, liour angle and zenitli dis- 

tance of tlie star at elongation, a and S its right ascension 
and declination, and <j> the observer^'s latitude, we shall 
have, for western elongation. 


PZ ::.r: inp 
PZS r= iSiP 


A 


PS trr 8, 


(P 


.S' = 


Up 


^ cy 
jC/ /!> 

PSZ 




for eastern elongation, 

t;> rjr t f A 

J jtfW tS- /.j, * — 




ZPS - 30(P 




o 



194 


PEACTICAL ASTPONOMY 


We can Avrite 

tan. <l> 
“ tan s’ 


sin S 
cos Zf. = ? 

” sin o 

= a •+ tQ- 


sin 0 = db 


cos S 
cos <p 



% is in the first quadrant for western elongation, and in the 
fourth for eastern ; Zq is always in the first quaclraiit ; aucl 
Aq is less than 180"" for westei^n elongation, and greater 
than ISC'" for eastern. We can also write 


i sin Aq 


cos S _ sin S cos 
cos ” sin ^ 


± cos Aq = — sin S sin , 


( 293 ) 

( 201 ) 


in which the upper signs are for western elongation, the 
lower for eastern. 

If the star is observed at any other hour angle its 
azimuth A is given by (16) and (17). Multiplying (16) 
by (293), (17) by (294), and subtracting one product fx’om 
the other, we obtain 


sin z sin (Aq — A') =: =f sin 8 cos S 2 sin^ | — t) . (290) 


If the observations are made near elongation, t will not 
differ much from -- A will be small, and for tlie 

circumpolar stars a? will not differ much from Tliere- 
fore we can write, without sensible error, 


q- sm 3 cos S 2 sin^ 


sin 


"0 


sin V' 


in which the lower sign is for eastern elongation, as 
before. Aq -- A is the correction to be applied to the 
circle reading for an observation made at hour angle t, 
to reduce to the corresponding circle reading fot* an obser- 
vation made at hour angle 
For convenience, let 

2 sing I - 0 

sin ^ 

and (296) becomes 


=F ni 


sin 8 cos 8 


sin 5^ 


0 
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The values of m can be taken from Table III, Appendix, 
for the different values of — t. If we let be the mean 
of the several values of m, the corrections can be applied 
collectively to the mean of the circle readings on the star, 
and the equation (297) becomes 


A. 


A 


™ _ sin S cos 8 

ip ^ 


Sin 



in which — A is the correction to the mean of the 
circle readings. Further, if the level readings have been 
taken symmetrically with reference to the program, which 
can always he done, the mean value of y, equation (^289), 
can be applied to the mean of the circle readings. 


133. The values of and 6^ having been computed for 
the star to be observed, the instrument is carefully adjusted, 
and a program similar to this is followed : 


Make two readings on the mark 
Head the level 

Make four readings on the star 
Head the level 

Make two readings on the mark 
Heverse 

Make two readings on the mark 
Head the level 

Make four I'eadings on the star 
Head the leved 

Make two readings on the mark 

The times of observation are noted on a time-piece, pref- 
erably a sidereal chronometer. Its correction must be 
known within one or two seconds if the most refined form 
of instrument is employed, or to the nearest minute if an 
ordinai'y surveyor’s transit is used. This correction can 
be obtained by any of the methods descxibed in the p>re- 
ceding chapters, or by a comparison with the time signals 
at the nearest telegraph station. The chronometer time of 
elongation is now known. Subtracting from it the several 
times of observation, the values of are found, and 
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the values of m corresponding to them taken from Table 
III. Forming the mean and computing Zq from (291), 
the value of Aq — -4 is found and ajaplied to tlie mean of 
the circle readings. The mean of the corrections for level 
errors and the correction for diurnal aberration aie iiovv 
aijplied. The corrected mean circle reading, vvliich we 
shall call s, corresponds to the azimuth of tlie star at 
elongation, which is computed by (291). If h is the mean 
of the circle readings on the mark, and AL the aziniiitli 
of. the mark, then 

M = h-is - 4„). (290) 

The circle reading when the telescope is directed to the 
south point of the horizon will be equal to s — A^. 

133. Example. Detroit Observatory, Wednesday, 1891 
May 6. Find the azimuth of a given point (nearly in the 
horizon) from observations on S Ursce Mhioris near it.s 
eastern elongation. Observer’s latitude, 42° 16' 48". 

The apparent place of the star was 

a = 18» 1 -^ Ms S = + 86° 36' 2,5".0. 

Equations (291) and (292) are solved as below. 

tan<5!> 9.958704 sin«^ 9.827856 cos 8 8.772214 

tan 8 1.227024 sin 8 9.999236 eo.s<3S. 9.S6!>ir)3 

fo 273° 5' 25" 47° 87' 42" A,, 184° 35' 17".8 

18 '‘ 12 “ 22 « 
a 18 7 44 

00 12 20 6 

The chronometer cori'ection was + 18”* 52( and, there- 
fore, the chronometer time of elongation was 12" 1'“ 14 b 
A good surveyor’s transit, whose horizontal circle was 
read to 10" by two verniers, and which was provided with 
plate levels and a delicate striding level, was placed over 
the point of observation and carefully leveled a short time 
before elongation. The following observations were made : 
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No. 

Object 

Telescope 

Obronoineter 

Vernier A 

Vernier B 

(1) 

IV'.XfiiX*k 

E.e versed 




16' 

40" 

276° 

16' 

30” 

(2) 

(C 

a 



96 

16 

35 

276 

16 

25 

(3) 

Level 










(4) 

Star 

u 

11* 44”* 

'52« 

243 

39 

20 

63 

39 

20 

(6) 

£i 

66 

48 

40 

243 

39 

50 

63 

39 

50 

(«) 

ti 

CC 

51 

6 

243 

39 

50 

63 

39 

50 

(7) 

a 

66 

53 

11 

243 

40 

0 

63 

40 

5 

(8) 

Level 










(9) 

Mark 

66 



96 

16 

45 

276 

16 

40 

(10) 

6( 

66 



96 

10 

50 

276 

16 

40 

(11) 

6i 

Direct 



276 

17 

0 

96 

16 

45 

(12) 

a 

66 



276 

16 

55 

96 

16 

45 

(13) 

Level 










(14) 

Star 

66 

12 5 

50 

63 

40 

10 


40 

10 

(15) 

c< 

66 

7 

o4 

63 

40 

0 

243 

40 

0 

(16) 

u 

66 

9 

44 

63 

39 

50 

243 

39 

50 

(17) 

a 

66 

11 

27 

63 

39 

45 

243 

39 

55 

(18) 

Level 










(19) 

Mark 

66 



276 

16 

45 

96 

16 

30 

(20) 


66 



276 

16 

45 

96 

16 

35 


The level readings given by the striding level -were 


(3) 


( 8 ) 


(la) 


(18) 



E 

W 

*1? 

Jtti 

w 

E 

w 

E 

4.4 

4.1 

4.2 

4.0 

4.0 

4.4 

4.0 

4.2 

4.3 

4.0 

4.3 

3.8 

4.0 

4.2 

4.1 

4.2 

4.4 

4.0 

4.2 

3.9 

4.0 

4.2 

4.0 

4.2 

4.3 

3.8 

4.4 

3.8 

4.1 

4.4 

4.2 

4.2 

The value 

of 

one division 

of the 

level 

was 

10" 


negligible, 


( 3 ) 

4* 2".0j 


and by (289), 


( 8 ) 

4 


( 8 ) 

4 


(18) 

- 


(18) 

- 1".3, 


(18) 

- 0 ". 6 , 


(18) 
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The solution of ([298) for the eight readings on the star 
is given below. The column “ Circle Readings ” is formed 
by taking the means of Vernier A and Vernier B. 


" Fo. 

Circle Keadings 

o 

1 

7)1 

(4) 

243^ 39^ 20^' 

+ 16“ 22» 

525'^7 

(5) 

243 39 50 

+ 12 34 

310 .0 

(6) 

243 39 50 

+ 10 8 

201 .{> 

(7) 

243 40 2 

+ 83 

127 .2 

(14) 

63 40 10 

— 4 36 

41 .5 

(15) 

63 40 0 

- 6 40 

87 .3 

(10) 

63 39 50 

~ 8 30 

141 .8 

(17) 

63 39 50 

— 10 13 

204 .9 


Means 63 39 51.5 trig = 205 .0 


log mg 2.31175 

sin 8 9.99924 

cos 8 8.77221 

cosec Zg 0.13148 

log(Ao-A) 1.21468 
Ag-A +1C".4 

The mean of the four values of y is + 0^'.4. The value 
of dA, from C290), is — 0".3. The corrected circle read- 
ing on the star at elongation is thei'efore 

s = 63° 39' 51".5 + 16".4 + 0".4 — 0".3 = 63° 40' 8".0. 

The mean of all the readings on the mark is 

* =276° 16' 41".6; 

and, therefore, by (299), 


37° 11' 51".4. 


Since the verniers on this instrument read to only 10", 
the diurnal aberration could have been neglected, and the 
^her corrections computed to the nearest second only. 

ut all the corrections have been applied here, to illustrate 
the method. 
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AZIMUTH BY POLARIS OBSERVED AT ANY HOUR ANGLE 

134. When the azimuth is required with the greatest 
possible accuracy, the observations should always be made 
at or near elongation, and reduced as in the preceding sec- 
tion. However, good results can be obtained by observing 
Solaris in any position, if the time is accurately known. 
The time should be known within 0®.6 when using the 
finest instruments, and within S*' or 10*'* when using a good 
surveyor’s transit whose least reading is 10^'. 

As in the preceding method, the observations should be 
made on the mark and star in both positions of the tele- 
scope. If the observations are made in quick succession, 
the mean of two or three observations made before revers- 
ing may be treated as a single observation, and similarly 
for those made after reversing. But if the separate obser- 
vations are several minutes apart, each observation should 
be reduced separately. 

The sidereal time 6 of observation having been noted 
with great care, the hour angle t of JPolaris is given by (41). 
If we let the azimuth A. of the star be measured from the 
north pointy + if the star is west of the meridian and — if 
east, and let q be the star’s parallactic angle [§ 6], we may 
write {^Qhauvenef 8 Sph. Irig.^ § 24^ 

tan 4 H- .1) = cot \ t =/cot 1 1, (300) 

tan 4 (5 - A ) = cot 4 t = /' cot 4 (301) 

A=4(2 + ^)-4(?-^)- (302) 

The auxiliary quantities,/* and/( depending on 8 and <56, 
are constant for a night’s observations, and with surveyors’ 
instruments may be considered constant for several weeks. 
When they have been computed, once for the whole series 
of observations, they may be combined rapidly with the 
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Tallies of cot ^ t for the individual observations, to deter- 
mine and ^(jq — A'), and thence A by (302). 

The values of q need not be determined at all. The cor- 
rection for level is given, as before, by (288), and for 
diurnal aberration by (290). 

With A representing the azimuth of the star measured 
from the north point as defined above, and computed by 
means of (300), (301) and (302), let S be the circle read- 
ing on the star corrected for level and aberration, JT the 
mean of all the readings on the marls:, and W the azimutli 
of the mark measured from the north point, -f if -west of 
no'rth, and — if east. Then, assuming that the circle read- 
ings increase in the direction of motion of the hands of a 
watch, we shall have 

N =S-\- A -K-, (303) 

and S -i- A will be the circle reading when the instrument 
points due north. 

Example. Detroit Ohservatory, W ednesday, 1891 May 6. 
Find the azimuth of a given point nearly in the horizon, 
from the following observations of JPolaris, made with the 
instrument described in S 133. 


No. 

Object 

Telescope 

Obroaometer 

Vernier A 

Vernier B 

<1) 

Mark 

Direct 





16' 

40" 

i)(V^ 

16' 35" 

(2) 

li 

a 




2T6 

16 

40 

96 

10 no 

0) 

Level 










0) 

Star 

(t 

18^ 22^ 

59« 

50 

15 

50 

239 

15 40 

(5) 

a 

li 

13 

26 

30 

59 

17 

0 

239 

1 6 50 

(6) 

a 

ti 

13 

27 

5T 

59 

17 

30 

239 

17 20 

CD 


Reversed 

13 

32 

47 

2B9 

19 

40 

59 

19 4:5 

(8) 

<c 

{C 

13 

34 

56 

239 

20 

35 

59 

20 30 

(9) 

a 

<c 

13 

36 

40 

239 


20 

59 

2 1 15 

(10) 

Level 









'('^1 i.nii *,ir 

(11) 

Mark 

tc 




9(5 

16 

40 

276 

t (> 30 

(12) 

<< 

ti 




9(5 

16 

40 

276 

10 35 
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The striding level gave 

(3) (10) 


w 

E 

W 

E 

3.6 

5.3 

4.9 

4.1 

4.6 

4.3 

4.5 

4.5 


whence, by (166), 

(3) (10) 

b = — 3".3, 4 - 2".l. 

The position of Polaris was, American Ephemeris, p. 306, 

a = 1* 17”‘ 53% S = 88° 43' 29", 

and the chronometer correction was + 18"* 52% 

The means of the observations made before and after 
reversal are reduced below. 




Before 

After 

Chronometer 


13* 25"^ 49« 

13* 84:^ 48« 

A<9 


+ 18 52 

~h 18 52 

B 


13 44 41 

13 53 40 

a 


1 17 53 

1 17 53 

B — a = £ 


12 26 48 

12 35 47 

t 


180° 42' 0 " 

188° 56' 45" 

1 1 


93 21 0 

94 28 22 

8 

4. 

88 43 29 



“f” 

42 16 48 


8 — <f> 

4 

46 20 41 


8 “h c/> 

4 

131 0 17 


1 (8 <f>) 

4 

23 13 20 


1 (8 -f 4>) 

4 

65 30 8 


cos 1 (8 
sin i(S 4>) 


9.963307 

9.959031 


log/ 


0.004276 

0.004276 

cot 1 1 


8.767417n 

8.893338^ 

i(q •+ A) 


~~ 3° 22' 59" 

_ 40 irf 

sin 1(8 — <!>) 
cos ^ (8 ”f" 


9.595825 

9.617690 


log/' 


9.978135 

9.978185 

cot 1 1 


8.767417n 

8.893338^ 
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1(5 — -4) 

-3° 11' 9" 

- 4° 15' 14" 

A. 

-0 11 50 

~0 15 47 

Circle on star 

59° 16' 42" 

239° 20' 31" 

y 

-3 

"H 2 

dA 

0 

0 

S 

59 16 39 

239 20 33 

“1“ A 

59 4 49 

239 4 46 

K 

276 16 36 

96 16 36 

N 

142 48 13 

142 48 10 

MeaniV 

142° 48' 12" 


The corrections should be carried to tenths of seconds 
when refined instruments are used. 

The azimuth of the same mark was measured on the 
same night with the same instrument, by means of obser- 
vations of 8 Unce Minoris taken near eastern elongation 
[see example of the preceding section]. The azimuth 
obtained, measured from the south point, was 

M = 37° 11' 51".l 



CHAPTER XI 


THE SURVEYOR’S TRANSIT 

135 . The surveyor’s transit is adapted to the determina- 
tion of the time, latitude and azimuth by many of tlie 
preceding methods. These elements can easily be deter- 
mined to an accuracy within the least readings of the cir- 
cles, if the instrument is of reliable make, and is provided 
with spirit levels. We shall assume that the observer 
uses a mean time-piece, which we shall call a watch, and 
that he has a thorough knowledge of the subject of Time, 
Chapter II, without which the lEphemeris cannot he used 
intelligently. We shall assume, also, that the vertical 
circle of his instrument is complete, and that the degrees 
are numbered consecutively from 0 to 360. In case they 
are not, the observer can readily reduce his readings to 
that system. The instrument is supposed to be carefully 
adjusted. A method of illuminating the wires at night 
is given in § 127. 

Figure 26 illustrates a form of instrument well adapted 
to the solution of the problems described in this chapter ; 
but the methods can be used, within limits, with neai’ly 
all forms of the surveyor’s transit instrument. 

DETERMINATION OE TIME 

136 . By equal altitudes of a star. Set the instrument 
up firmly, level it, and direct the telescope to. a known 
bright star east of the meridian. Pointing the telescope 
slightly above the star, clamp the vertical circle and note 
the time T’ when the star crosses the horizontal wire. 
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The vertical circle must not be undamped. A short time 
before the star reaches the same altitude west of the 
meridian, level the instrument, move it in azimuth until 
the telescope is directed to a point just below the star, 
wait for the star to enter the field, and note the time T” 
when it crosses the horizontal wire. The sidereal time 0 
when the star was on the observer’s meridian equals its 
right ascension a, and this corresponds to the mean of the 
two watch times. Converting the sidereal time 6 = a into 
the corresponding mean time T, the watch coixection A 2^ 
is given by 

l\T = T -HT' + r»)- (304) 

Example. Thursday, 1891 March 5. In longitude 
gft 34”* 65®, Regulus was observed at equal altitudes east 
and west of the meridian, at the watch times 

T> = S'* 34“, T" = 14'* 10® 20*. 

Required the watch correction. 

From the American Ephemeris, p. 332, a=d=10^2”* 35®. 
Converting this into mean time, § 18, we find 

T - 11'* 8® 3* ; 

and, therefore, by (304) i the watch correction was 

AT = -54*; 

or the watch was 54* fast. 

137. Ey a single altitude of a star. Level the transit 
instrument. Direct the telescope very slightly above a 
known star in the east or' below a known star in the 
west, and clamp the telescope. Note the watch time when 
the star crosses the horizontal wire and read the vertical 
circle. Unclamp the telescope and repeat the observation 
once oi’ twice, as quickly as possible. Double reverse the 
instrument, and make the same number oi. observations as 
before. Form the means of the circle readings made be- 
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fore reversal and of those made after. Subtract one from 
the other in that order which makes their difference less 
than 180°. One half this difference is the apparent zenith 
distance of the star at fT', the mean of the several watch 
times of observation. Adding the refi’action given by 

r = 58" tan «, (305) 

the result is the true zenith distance s. Substituting the 
values of cf> and S in (38) or (39), the houx’ angle t is 
found. The sidereal time 0 is given by [§ 8], 

0 = a + t. (300) 

Converting 6 into the mean time 27, the watch correction 
is given by 

ATz= T ~ T’. (307) 


Example. Saturday, 1891 April 25. In latitude 
+ 42° 16' 47" and longitude 5'* 34"‘ 55( the following alti- 
tudes of Aroturus were observed east of the meridian. 
Find the watch correction. 


The means of the circle readings are 84° 54' 10" an 
144° 33' 10"; and one half their difference is the 


Apparent zenith, distance, 54° 49' 30" log 58 1.7634 

Befraction, r, 1 22 tan 2 : 0 1 

True zenith distance, 54 50 52 logr lloiM 

r 82'' 

From the Ephemeris, p. 340, 
a = 14* lO”* 4:3«, 


8 = 4- 19° 44' 52". 
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The solution of is 

2 64° 50' 52" 

+ 42 16 47 
8 + 19 44 52 
<j> - 8 22 31 55 

<j!> + 8 62 1 39 

s + (<^ - 8 ) 77 22 47 

s _ (<^ _ S) 32 IS 57 
z+(^cj, + S) 116 52 31 
s -(<?!> + 8 ) - 7 10 47 


log sin I [s + (< 3 !> — 8 )] 
log sin i [2 - 8 )] 

log sec I [ 2 : - 1 - (< 3 ^> • 48 )] 
log sec — (<t> ’ ^ m 
log tan^ 1 1 
log tan 1 1 
it 
t 
t 


9.79595 
9.4:4:4:4:9 
0.28114: 
0.00085 
9.52243 
9.76121« 
150P0^ 48'' 
300 1 36 
20 '^ 0 ”^ 6 « 


Solving (306), ^ = 10'^ lO™ 49*. The equivalent mean 
time is T= 7* 65"* 45* ; and the mean of the six times of 
observation is T' = 7* 65"* 2®. Therefore, 


AT = + 43». 


138. J5y a single altitude of the sun.* Observe the 
transits of the sun’s upper and lower limbs over the hoi*i- 
zontal wire by the method used for a star, § 137. Double 
reverse, and repeat the observations.f Form half the 
difference of the means of the circle readings, and add the 
refraction given by (305), as before. Further, subtract 
the parallax given by (64) 

p = 9" sin 2 , (308) 

and the result is the sun’s true zenith distance s at the 
mean of the times, T' . The correct mean time is probably 
known within 6”* or 10”*. Increase it by the longitude, 
and the result is an approximate value of the Greenwich 
mean time. Take from the Ephemeris, p. II of the month, 
the value of the sun’s declination B at that time. The 


^ The observer must cover the eyepiece with a small piece of very 
dense neutral-tint glass before looking through at the sun. The observa- 
tions can be made, also, by holding a piece of paper a short distance back 
from the eyepiece, and focusing the eyepiece so that the images of the 
sun and wire are seen on the paper. 

t While waiting for the second limb to approach the wire, the time 
may well be spent in reading the vertical circle. 
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Epliemeris contains the apparent declination for Greenwich 
mean noon, and tlie » difference for one hour,” whence the 
declination at any instant can be found. Solve (^38) or 
(39) for these values of s, B and 4>. The resulting hour 
ano-le t is the observer’s apparent solar time. Convert 
this into the equivalent mean time F, by § 16. The watch 
correction is given by (807), as before. 


Example. Thursday morning, 1891 May 6. In latitude 
+ 42° 16' 50" and longitude 6" 35“ the following observa- 
tions of the sun were made with Buff & Berger transit No. 
1664. Required the watch collection. 


Telescope Limb 

Direct Upper 

u Lower 

Reversed Upper 

Lower 


Watch 
20 '^ 38 ^^ 59 * 
41 59 
46 49 
49 50 


Circle reading 
41 "^ 48 ' 30 " 
41 48 30 
137 33 0 

137 33 0 


One half the difference of the circle readings is 
47° 62' 16". The refraction, by (305), is 64", and the 
parallax, by (308), is 7". Therefore the true zenith dis- 
tance s of the sun’s center is 47° 63' 12". The mean of 
the four watch times is 20* 44“ 24®. W e have 


T< 1891 May 6<*20»44«>24‘’ 

Longitude 5 35 

Gr. mean time 7 2 19 

« “ « 7 2^32 

From the American Ephemeris, p. 75, the sun’s declina- 
tion at Greenwich mean noon, May 7, was 16^ 48^ 53^^, 
and the difference for one hour, + 41". The change foi* 
2^^82 was therefore 96", and the required value of the 
declination was S = + 16"^ 60' 29". 

Substituting the values of 0 , and S in (38), and solv- 
ing as was done in § 137, we obtain the hour angle t = 
812^^ 12' 10" == 20^^ 48^^ 49L The observer’s true time is 
therefore May 6^ 20* 48"* 49^. Converting this into the 



DETERMINATION OF LATITUDE 


209 


mean time T, by § 15, we find T = 1891 May 6'^ 20'* 45”* 15*. 
The watch correction is 

AT = 20 45’” 15* — 20* 44’“ 24* = + 51*. 


DETERMINATION OF GEOGRAPHICAL LATITUDE 

139. By a meridian altitude of a star. A star is on the 
observer’s meridian when the sidereal time 9 is equal to 
its rig’ht ascension a. Convert this into the corresponding 
mean time, subtract the watch correction obtained by any 
of the above methods from it, and the result is the watch 
time of the star’s meridian passage. A few seconds before 
this watch time direct the telescope to the star, bring the 
star’s image on the horizontal wire, and read the circle. 
Double reverse quickly, and make another observation. 
As before, form one-half the difference of the circle read- 
ings, add the refraction given by C305), and the sum is the 
star’s true zenith distance z. Take the value of 5 fi’om 
the Ephemeris. For a star observed south of the zenith, 

<l> — 8 + z; (309) 

and for a star observed between the zenith and pole, 

= 8 - s. (310) 

For a star below the pole the sidereal time of mei'idian 
passage is 12'* -+- a. Obtaining the value of z as before, the 
latitude is given by 

<^ = 180‘’-S-z. (311) 

Example. Ann Arbor, Friday, 1891 April 24. a Hydrce 
was observed on the meridian with a surveyor’s transit, as 
below. Required the latitude. 

Telescope Circle reading 

Reversed 140° 26' 30" 

Direct 39 33 0 

One half the difference of the circle readings is 50° 26' 
45". The refraction is 70". Therefore, z = 50° 27' 55". 
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From tlie Epliomeris, p. 331, B — — 8° 11^ 18^^. 


from (309), 


^ = 42° 16' 37". 


Therefore, 


To find the -watch time when the star is on the meridian, 
we have, from the Ephemeris, a = 9 = 9^* 22'" 14*. The 
corresponding mean time, hy § 18, is T'* 11"‘ 13-*. The 
watch correction is + 43*, whence the requii*ed watch time 
is 7* 10*" 30*. 


140. By a mendiictn altitude of the sun. The sun is on 
the meridian at the apparent time O'* 0"* O*. Apply the 
equation of time to this, by § 15, and subtract the known 
watch correction. The result is the watch, time of the 
sun’s meridian passage. One or two minutes before this 
watch time, direct the horizontal wire of the telescope to 
the upper limb of the sun, and read the vertical circle. 
Observe the lower limb in the same way. Double reverse 
and observe both limbs again. Form half the difference of 
the means of the readings in the two positions. Add the 
refraction given by (305), and subtract the parallax given 
by (308). The result is the value of z. Take from the 
Ephemeris the value of S for the time of meridian passage. 
The latitude is now given by (309), as in the case of a 
star. 


Example. Wednesday, 1891 March 25. In longitude 
35*" the following meridian altitude observations of the 
sun were made -with a surveyor’s transit- Required the 
latitude. 


Telescope 

Limb 

Circle reading 

Direct 

Upper 

49° 54' 30" 


Lower 

49 22 30 

Reversed 

<e 

130 5 30 


Upper 

130 38 30 


One half the difference of the means of the circle read- 
ings is 40° 21' 45". The refraction is 49". The parallax 
is 6". Therefore, z — 40° 22' 28". 
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The Greenwich apparent time of observation was March 
25^* 6'* 35"^. The value of S at that instant was + 1° 64' 82", 
Ephemeris, p. 38. Therefore, by (309}, 

^ = 42° 17' 0". 

To find the watch time of meridian passage, we have. 

Apparent time 0™ 0* 

Equation of time +63 
Mean time 0 6 3 

Watch correction — 0 15 

Watch time 0 6 18 

DETERMINATION OE AZIMUTH 

141. The two methods of determining azimuth which 
are described in the preceding chapter are adapted to the 
surveyor’s transit, and need no further explanation. With 
this instrument the diurnal aberration can be neglected. 

If the transit is provided with plate levels only, they 
should be kept in perfect adjustment. If the bubble of 
the level which is parallel to the rotation axis of the tele- 
scope remains constantly in the centei', no correction for 
level is required. But if the bubble is n divisions of 
the level from the center when an observation on a star 
is made, and d is the value of one division of the level, 
the circle reading must be corrected by 

?/ = i ndf cot z ; 

-+- if the bubble is too far west, — if too far east. 


(312) 
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THE EQUATORIAL 

142. This instrument consists essentially of the follow- 
ing parts : A supporting pier ; a polar axis parallel to the 
earth’s axis, supported at two or more points hy the pier in 
such a way that it can rotate ; a declination axis attached 
to the upper end of the polar axis, and at right angles 
to it, in such a way that it can rotate ; a telescope firmly 
attached to one end of the declination axis, and at right 
angles to it ; a graduated declination circle attached to the 
other end of the declination axis ; a graduated hour circle 
attached to the polar axis, and at right angles to it; a 
finding telescope or finder, to assist in pointing the principal 
telescope, and attached to it ; a driving clock and train of 
wheels for rotating the instrument about its polar axis at a 
uniform rate- The various moving parts are so counter- 
poised that the telescope will be in equilibrium in all posi- 
tions. The principal features of the equatorial are well 
illustrated in Fig. 27. 

A sidereal chronometer is an almost indispensable com- 
panion of the equatorial. 

The equatorial serves two purposes : 

1st. As an instrument of direct observation and dis- 
covery, by assisting the vision. 

2d. As an instrument for determining very accurately 
the relative positions of two objects comparatively near 
each other, by means of a micrometer eyepiece [§ 60]. If 

the position of one of the objects is known, the position of 
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that it will follow a star in its diurnal motion, by revolv- 
ing the instrument about the polar axis alone ; for in that 
case the line of sight maintains a constant angle with tire 
celestial equator, and therefore describes a circle which, is 
identical with the star’s diurnal circle. Since the star’s 
angular motion is uniform, the telescope is made to follow 
it by means of the sidereal driving clock. In some obsei'- 
vations the driving clock is not used; in others it is 
indispensable. 

When the telescope is revolved upon the declination 
axis, its line of sight describes an hour circle on the celestial 
sphere. The position of this hour circle is indicated hy 
the reading of the graduated hour circle of the instrument. 
The position of the telescope in this hour circle is indicated, 
by the reading of the graduated declination circle. Wlien 
the telescope is directed exactly to the south point of the 
equator, the hour circle reading should be O'"' O'" 0*, and the 
declination circle reading should be 0° 0' 0 ". Then, if the 
other parts of the instrument are in adjustment, and the 
telescope is directed to a star, the hour angle and declina- 
tion of the star will be indicated (neglecting the refraction 
and parallax), by the hour circle and declination circle 
readings.* 

ADJUSTMENTS 

144. It is not essential that the errors of adjustment of 
an equatorial be entirely eliminated, or that their values 
be accurately known ; but it is a practical convenience to 
have the errors small, particularly so for observations on 
objects near the poles of the equator. 

It is expected that the maker of the instrument will 


* The hour circle should read time. It should he graduated from O'*- t.<> 
24* toward the west, or from 0* to 12* in both directions from 0*. TIio 
declination circle will read arc. It may he gradiiated from 0° to 360°, or 
from 0° to 180° in both directions from one of its equator points, or f i-oin 
0° to 90° m both directions from its two equator points. We shall suppose 
it to read from 0° to 360°. 
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adjust the various parts of it as perfectly as possible tvith 
reference to each other. It remains for the observer to place 
the instrument as a whole in correct position. 

The polar axis should be in the plane of the meridian ; 
the elevation of the polar axis should equal the latitude of 
the place ; the hour circle should read zero when the 
telescope is in the meridian ; the declination circle should 
read zero when the telescope is in the equator; and the 
lines of sight of the finder and telescope should be parallel. 

The instrument should first be placed as nearly as possible 
in position, by estimation. Then direct the telescope to any 
known star near the southern horizon whose right ascension 
is a. The star will be on the meridian at the sidereal time 
0 = 01 . Move the whole instrument in azimuth so that the 
star is in the center of the telescope when the chronometer 
time plus the chronometer correction is equal to 0 = a. 
The order of making the final adjustments is as below. 

145. To adjust the finder. Using the lowest power eye- 
piece, direct the telescope to a bright star. Replace the 
low-power eyepiece by a high-power. Keeping the star in 
the center of the field of view, turn the adjusting screws of 
the finder so that the star is on the intersection of the cross 
wires in the finder. The two telescopes will then be 
sufficiently near parallelism. 

146. To determine the angle of elevation of the polar axis^ 
and the index correction of the hour circle.'^ Across the 
object end of the telescope firmly tie a piece of wood which 
projects several inches from the telescope tube on the side 
opposite the pier. Pass a fine thread through a very small 
hole in the projecting end, and fasten it. Direct the tele- 
scope to the zenith. Near the eye end and on the same 

^ This very simple and satisfactory method was proposed by Professor 
Schaeberle, in der Astro 7 iomische Nachrtchten, No. 2374. It has the 
advantage that the errors can be determined, and corrected, in the day- 
time. 
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side as the projecting* arm, fasten a block of wood. To 
this screw a metal plate so that it will be perpendicular 
to the axis of the tube, and in which is a very small circu- 
lar hole as nearly as possible <^by estimation) under the 
hole above. Pass the thread through it, tie a plumb-bob 
to the end of the thread near the floor, and let it swing in 
a vessel of water. Move the telescope by the slow-motion 
screws until the plumb-line passes through the center of 
the lower hole. Read both verniers of the hour and decli- 
nation circles. Unclamp, hold the plumb-bob in the hand 
to avoid displacing the metal plate, reverse the telescope 
to the other side of the pier, and set it so that the plumb- 
line again passes centrally through the hole. Read both 
circles as before. 

Let Ji equal the angle of elevation of the polar axis. 
The difference of the readings of the declination circle in 
the two positions is 180° — 2 h. The elevation should equal 
the known latitude <p. The error is h — cf>. Change the 
last circle reading by this amount, by moving the telescope 
in declination in the proper direction. Adjust the angle 
of elevation by the proper screws until the plumb-line 
again passes through the center of the hole. 

If the declination circle is graduated so as to read from 
0° to 90° in both directions from its two equator points, 
then the mean of the circle readings for the two positions 
of the telescope is at once the inclination of the polar axis 
to the horizon. 

The mean of the hour circle readiiigs in the two posi- 
tions is the reading of the circle when the telescope is in 
the meridian. This should be 0* 0™ 0*. The index error 
of the hour circle is the mean of the readings minus 0* 0'“ O* 
(or minus 24'‘ 0™ 0®). .iTo correct for it, set the circle at 
this mean reading ; then move the vernier screws until the 
reading is 0''' O'” 0®. 

The index correction of the hour circle is equal to the 
index error with its sign changed. If the error is iiot 
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removed by adjusting the verniers, the index correction, 
must be applied to every reading made with the hour circle, 
in order to obtain the true reading. 

If the errors are large, these adjustments should be 
repeated once or twiee. 

JExample- 1891 Feb. 20, The following plumb-line 
observations were made on the 6-inch equatorial of the 
Detroit Observatory, Determine the errors. The last 
column gives the position of the telescope with reference 
to the pier: 


Hoirrt CiRor.E 

DECi^mATiON Circle 

Telescope 

Vernier A 

Vernier B 

Vernier A 

Vernier B 

24'* 2’» 53» 
11 56 56 

12^ 2"*- 58® 
23 57 G 

135° 45' 30" 
40 16 45 

315° 45' 00" 
220 16 30 

E 

W 


The means of the declination circle readings were 
135° 46^ 15^' and 40° 16' 38", and therefore h equaled 
42° 15' 42". The value of is 42° 16' 47", The axis was 
therefore 1' 5" too low. The telescope was moved in 
declination until the verniers read 40° 17' 45" and 
220° 17' 30", and the axis adjusted until the thread was 
again central in the hole. 

The hour circle readings were 24'^ 2^^ 55'^5 and 28'^ 57^^ 1% 
and their mean was 23'^ 59^^^ 58^2. The error was there- 
fore — 1'\8. The verniers were moved to the west 2^. 

A repetition of the observations gave 7i = 42° 16' 49", 
and the mean of the hour circle I'eadings, 24'^ 0""' 0^6. 
Further adjustment was not required. The index error of 
the hour circle was + 0*^5, and the index correction to be 
applied to future readings was - 0^5. 

147 . To determine the azimuth correction of the vertical 
plane containing the polar axis* This is best determined 
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by observations on one of the four Ephemeris circumpolar 
stars near its culmination. 

Using the micrometer eyepiece (§ 60), direct the tele- 
scope to the star a few minutes before its culmination, 
note the chronometer time 6^ when the star is on the point 
of intersection of the wires (or any well defined point in 
the eyepiece), and read the hour circle. Reverse the tele- 
scope to the other side of the pier, note the time 0^ when 
the star is at the same point of the eyepiece, and read the 
hour circle. Let and be the hour circle readings in 
the two positions, corrected for index error, if any ; let a 
be the required azimuth correction ; and let Ad be the 
known chronometer correction [see §152]. 

Neglecting the quantities which are eliminated by the 
reversal, we have for the sidereal times when the star is in 
the vertical plane of the polar axis, 

0-^ -f" ji^ 0 tjj 

O 2 Hh — Jf2- 

Therefore, as with the transit instrument, § 98, 

c [ j 4 . = 0 , — 

( Xj ^ = <x — (^2 “ 5 " — ^2)? 

in which A is given by, (222) and (234), 

^ _ sin =F S) 
cos 8 

the lower sign being for lower culmination. Solvino: for 
a we find 

« = - i -t- - Ad -h i (q -f q)] ^ — ( 313 ) 

sm (<j6 =F o) 

a is expressed in time: in arc, the azimuth correction 
is 15 a;. 

If a IS -f-, the south end of the axis requires to be moved 
to the west; if to the east. This is readily done. 

^ irect the telescope to a distant terrestrial object nearly 
in the horizon, make the movable micrometer wire vei'tical. 
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and set it on the object. Next move the wire through 
the distance a in the proper direction. This can be done 
when the value of one revolution of the screw is known 
£§ 613 . Shift the whole instrument in azimuth by the 
proper screws until the micrometer wire is again on the 
object. The vertical plane of the polar axis should now 
coincide with the meridian. 

If the value of a is large the observations should be 
repeated. If a is less than 3% it will cause no inconven- 
ieiice and scarcely need be corrected. 

JExample. Wednesday, 1891 February 25. 51 Oepliei 

was observed at upper culmination with the 6-mch equa- 
torial of the Detl'oit Observatory, as below. Determine 
the azimuth correction. The value of A6 was + 14”^ 36^0. 

Telescope Hour circle Chronometer 

West 23^ 56^ 3P 6* 31 ^ 42" 

East 24 0 42 6 35 29 

The index correction of the hour circle was — 0®.5. 

Aimer. Ephem., p. 303, a 

^ + ^ 2 ) 

A(9 

4 (^1 ^2) 


The value of a was — 0.069 x — 8^.0 = + 0^.6 = -+- 9^' ; 
that is, the south end of the axis should be moved 9^' west. 
This was too small to x*equire correction. 

148. To adjust the declination verniers. Direct the tele- 
scope to a star, nearly in the zenith, whose decimation is 
known. Bring the star to the center of the eyepiece, 
using a high power, and clamp the instrument in declina- 
tion. Set the verniers so that they read the star’s declina- 
tion. They will then be in adjustment. 


0A 49m 27«.5 

6 33 35 .5 
4- 14 36 .0 
23 58 36 .0 

- 8.0 


8 4 87 ° 13 ' 
4 42 17 
cos 8 8.6863 

sin. (<j[> — 8) 9.8490„ 

cos 8 


sm(<5b — 8) 


0.069 
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149. To centey' the object glass. Imperfect images are 
often due to the fact that the object glass is not properly 
centered. To test this adjustment, remove tlxe eyepiece 
and hold a candle flame iir such a position tliat the images 
of the flame reflected from the surfaces of the object glass 
can be seen through the flame. If the object glass is pei‘- 
fectly centered all the images should coincide when the 
observer’s eye and the center of the flame are in the axis 
of the telescope. If they do not coincide, raise one side of 
the object glass cell by the set screws until the coincidence 
is perfect. 

150. The magnifying power of a telescope is equal to tlie 
focal length of the objective divided by the focal length 
of the eyepiece. It is therefore different for different eye- 
pieces on the same telescope, or for the same eyepiece on 
different telescopes. The following method of determin- 
ing it is simple, and abundantly accurate. 

Focus the telescope on a distant object, and dii'ect it in 
the daytime to the bright sky. Flold a piece of thin, nn- 
glazed paper in front of the eyepiece at such a distance 
that the bright disk formed on it is clearly defined. This 
disk is the minified image of the object glass. Measure its 
diameter by a finely divided scale held against the paper, 
and measure the diameter of the object glass. It can be 
shown that these diameters are to each other as the focal 
lengths of the eyepiece and object glass. Tlieir quotient 
is therefore the magnifying power. Thus, for the equa- 
torial mentioned above, the diameter of the object glas.s is 
6.05 inches, and the diameter of the bright disk for a cer- 
tain eyepiece is 0.08 inch. The magnifying power is, 
therefore, 6.05 -5- 0.08 = T6. 

A definite statement of the magnifying power to be n.sed 
in observing an object cannot be made. A higher power 
can be used when the seeing is good, z.e., when the images 
in the telescope are steady and well defined, than when 
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the seeing is pooi\ Lower powers must in general be used 
with nebulae and comets. The very highest powers can be 
used with stars and some of the planetary nebulae, if the 
seeing is good. Further than this, the observer must select 
that eyepiece which on trial gives the best results. 

151. The field of view is the circular portion of the sky 
which can be seen through the telescope at one time. Its 
diameter is equal to the angle contained by two rays drawn 
from the center of the object glass to the two extremities 
of a diameter of the eyepiece. The diameter, expressed in 
arc, is equal to 16 times the interval of time required by 
an equatorial star to traverse it. This can be directly 
observed. 

152. The chronometer correction is quickly obtained, with 
an accuracy sufficient for all ordinary uses of the equa- 
torial, by the following method : 

Direct the telescope to a known star nearly in the 
zenith, note the chronometer time 6^ when the star is on 
the point of intersection of the wires, and read the hour 
circle. Carry the telescope to the other side of the pier, 
observe the star as before at the time 6^^ and read the hour 
circle. Let the hour circle readings corrected for index 
error be t-^ and We have, by (40), 

a = 4- — q, 

a ^ $2 -h A0 

neglecting only very small quantities and those eliminated 
by reversal. Therefore 

j!\0 = OL — C^l C^l ^ 2 )* (^314:) 

For many purposes an observation on one side of the 
pier will suffice, and we have 

Ad = a -|- q — ^1* 

.Example, Ann Arbor, Wednesday, 1891 Feb. 26. The 
following observation of Castor was made with the 64nch 
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equatorial, to determine an. approximate value of the cliro- 
nometer correotion. 

Chronometer time, 7 5"* 0® 

Horn' circle, ij 23 52 3 

Amer. Ephem.,p. 327, a 7 27 39 

Therefore, by (815), Ad == -+- 14"‘ 38®. 

153 . To direct the telescope to an object whose riglit 
ascension (aj and declination (3) are known, first deter- 
mine whether the object is east or west of the meridian. 
If the right ascension is greater than the sidereal time, it 
is east; if less, it is west. Generally, if the object is east, 
the telescope should be west of the pier ; if the object is 
west, the telescope should be east of the pier. Move the 
telescope in declination till the declination circle reads 3, 
To the reading of the chi’onomcter add the chronometer 
correction, and one or two minutes more for the time con- 
sumed in setting. Subtract a, from this sum and set off 
the difference (which is the hour angle) on the Irour circle. 
When the chronometer indicates the time for which the 
hour angle was computed, the object should be seen in the 
finder. Move the telescope until the star is on the inter- 
section of the finder cross-wires. The star should then be 
visible near the center of the field of view of the (prin- 
cipal) telescope. 

Conversely, if an unknown star is seen in the telescope, 
the chronometer time noted and the circle readings taken: 
then the declination circle reading is the star’s declination; 
and the chronometer time of observation, plus the cliro- 
nometer correotion, minus the hour circle reading, is its 
right ascension. 

These results are only approximate, of course, since tlie 
instrument will never be in perfect adjiistment, and the 
star will nob be seen in its true place, owing to the refrac- 
tion, etc. 
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BETERMIKATIOK OF APPABENT PEACE OF’ AN OBJlilCT 

154. Sy the method of micrometer transits. Select a 
known ^ star, called a comparison star, whose right ascen- 
sion and especially whose declination differ as little as 
possible from that of the object. Revolve the filar microm- 
eter [§ 60] until the star in its diurnal motion follows 
along the micrometer wire. The wire in this position is 
exactly east and west, or parallel to the equator, and the 
reading of the position circle for this direction of the wires 
is called the equator reading. If the object and compaiison 
star are in the vicinity of the pole, their diurnal circles 
will be sharply curved, and in this case the equator read- 
ing of the circle should, first of all, be determined from an 
equatorial star. Direct the telescope just in advance of 
the two objects. The diurnal motion will carry them across 
the field. Note the chronometer times when they cross the 
transverse wire or wires. The diflEerence of these times 
for the two objects is the difference of their right ascen- 
sions. Also, when the first or preceding object approaches 
the center of the field, move the whole system of wires 
until the object follows along the fixed wire. When the 
second or following object approaches the center of the 
field, bisect it with the micrometer wire. Read the microm- 
eter in this position, and also when the micrometer wire 
is in coincidence with the fixed wire. The difference of 
the two readings, multiplied by the value of a revolution 
of the screw [§ 61], is the difference of the declinations of 
the two objects. 

Care should be taken to have the micrometer and fixed 
wires exactly parallel,]- and the transverse wire (]or wires) 
exactly perpendicular to the micrometer wire. To test the 

^ That is, a star whose accurate position is given in one or more of the 
star catalogues. 

t In good forms of the micrometer, an adjusting screw is provided for 
Fringing them into parallelism. 
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relatiye positions of tlie two sets of wires, direct the tele- 
scope to an equatorial star, adjust tlie micrometer wire so 
that the star’s diurnal motion will carry it across tlie field 
in coincidence with the wire, and read both verniers of the 
position circle. Rotate the system of wires, adjust the 
transverse wire so that the star will cross the Held in coin- 


cidence with the wire, and read both verniers. Tlie dil- 
ference of the two position circle readings should l>e 
exactly 90*^. 

Many observers prefer to observe only one coordinate at 
a time. A good program to follow is, measure tlie differ- 
ence of declination, revolve the micrometer 90*^ and ol>- 
serve the difference of right ascension, then revolve 90® 
more and measure the difference of declination again. 

In any case, the observations should he repieated several 
times, and the mean of all the observations adopted. If 
the object has a proper motion, the differences in riglvt 
ascension and declination are those correxsponding to 
instant ivhen that object was observed: that is, the mean of 
the chronometer times for the object, plus the clironometer 
correction. 


The mean place of the comparison star^ will be given 
for the epoch of the catalogue which contains it. Reduc- 
ing this to the mean place for the beginning of the year 
of observation by § 46, 47 or 62, thence to the appaiTuit 
place for the instant of observation by § 55, and applying 
the micrometer differences to the apparent place, we obtain 
the observed place of the object. This must be correoted 
for refraction and parallax. 

The refraction correction will he small, since the star 


^ If the star is a very Ibright one, it may be identiiied satisfactorily, 
both in the sky and in the catalogue, by the methods of § 163 . But, in 
case it is faint, the observer should always compare a cliart of tlici neigh- 
boring stars, prepared from the catalogue, with that region of tlie nky, 
making sure that the configurations of the stars on the chart and in tlie 
sky agree. 
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and object will be refracted nearly the same amount in 
nearly tbe same direction. An equatorial is a fixed part 
of an observatory, and tables of differential refractions in 
right ascension and declination in every part of the sky 
should be computed for the latitude of the observatory. 
The corrections can then be taken from the tables very 
quickly. 

Until such tables are constructed, the corrections can 
be computed by the following method: Let be the 
mean of the hour angles of the star and object, Sq the mean 
of their declinations, and z the mean of their zenith dis- 
tances. Substitute these values of t and S in (35), (36) 
and (37), to determine JL and The corrections to the 
observed place will be given by ^ 

^ K S' — S tan tQ sin L cos (2 Sq 4- 


AS = K. 


S' -- s 
siA^ (Sq 4 


(317) 


in which — S is the declination of the object minus the 
declination of the star expressed in seconds of arc, and k 


is defined by 




(318) 


j5, T and y have the same significance as in § 30, and their 
values are given in Tabee I of the Appendix. The values 
of log and X'' are tabulated below with the argument 2 :. 


5 ; 

log 

V' 


log 

X" 

O'" 

6.44:6 

1.00 

80° 

6.895 

1.10 

45 

6.444 

1.00 

82 

6.370 

1.15 

60 

6.440 

1.01 

83 

6.351 

1.18 

70 

6.433 

1.03 

84 

6.323 

1.21 

75 

6.422 

1.05 

85 

6.285 

1.24 

^ These equations are 

derived in 

Ohvcuvenet^ s SpheTicctl <ind J^rc&cticctZ 
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It is only in tlie most refined ineasui'ements and in 
extreme states of the weather that the barometer and 
thermometer readings need be taken into account. With 
comets it will scarcely ever be necessary, except when, 
they are very near the horizon. 

If one or both of the bodies is in the solar system, and 
at different distances frotn the observer, tlie observations 
will require correction for parallax, by the methods ex- 
plained in full in § 28. 

Four-place tables are sufficient for computing the refrac- 
tion and parallax corrections. 

Example. Wednesday, 1890 July 23^ the author made 
the following observation of Coggia’s comet witli the 
12-inch equatorial of the Lick Observatory. Required its 
apparent place. 

The comet was south of and preceding the 6tli magni- 
tude star No. 1518 Pulkowa Oatalof/ue for 1855.0. The 
reading of the position circle when the star followed 
along the micrometer wire was 201^.36. The micrometer 
readings when the micrometer and fixed wires coincided 
were 

19.947 

.947 

.947 

Mean 19.947 


When the comet was in the center of the field the fixed 


wire was made to bisect it, and the chronometer time was 
noted. When the star reached the center of the field 


(^nearly four minutes later) the micrometer wire was made 


to bisect it, and the micrometer reading noted. In this 
way the difference of the declinations was observed, as 
below. 


Chronometer 
16^ 43^ IP 
48 59 
54 2 

Means 16 48 44 


Micrometer 

22.954 

23.822 

24.550 

23.775 


Bemarks 
Very windy 
Very windy 
Very windy 
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The micrometer was rotated 90° until the circle read 
291°. 35, and the chronometer times of transit over the two 
wires noted, as below. 

Comet Star Difference 

17* 0”* 51^7 0™ 59''.2 17* i”' M».6 4“ 5P.8 - 3™ 52^75 

5 42.3 5 49.5 9 34 .0 9 41.3 3 51.75 

10 37.8* 10 46.1 14 28.0 14 36.3 3 50.20 

23 3 .5 23 11 .5 26 49 .8 26 58 .1 3 46 .45 

27 39 .5* 27 52 .2 31 24 .6 31 37 .2 - 3 45 .05 

Means 17* 13™ 39* - 3 49 .24 

The micrometer was rotated 90° further until it read 
21°. 35, and the difference of the declinations measured 
again, as below. 

Chronometer Micrometer Remarks 

17* 34™ 22* 9.751 Very windy 

39 44 8.867 Very windy 

48 40 7.545 Very windy 

Means 17 40 55 8.721 

Readings for coincidence of wires, 

19.944 

.946 

.943 

Mean 19.944 

The value of one revolution of the screw is J2=14''.058. 
We shall combine the two differences of declination, thus: 

Chronometer Diff. of deel. 

16* 48™ 44* — 3.828 22 

17 40 55 - 11.22322 

Means 17 14 49 — 7.52522 = — 1' 45".8. 

The chronometer time for the declinations is 1™ 10® greater 
than that for the right ascensions. From the two measured 
declinations it is found that the declination changed 2^'.3 
in 1”* 10*. Therefore, at 17^ 13”* 89® the difference of decli- 
nation was *— 1' 43". 5. 

* The distance between the wires was changed intentionally. 
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The mean place and proper motion of the comparison 
star for 1865.0 given by the catalogue were 

a = 9'* 29”‘ 17*.57, S = + 40” 53' 10 M, 

^ = - 0*.0022, /x'= + 0".008. 

The mean place for 1890.0 was, by § 47, 

a = 9'* 31«* 29".5G, 8 = 4- 40” 43' 58".8 ; 

and the appai'ent place for sidereal time 1890 J uly 23'' 17'*, 
by § 55, 

a'= 9" 28».90, 8' -= + 40” l l' I".2. 

Therefore the observed place of the comet at 17* 13"* 39’ was 
a = 9h 27>» 3f)«.66, 8 = 4- 40” 42' 20".7. 

The chronometer correction was — 1”* 19*. We have 


Ch ro no m e t er t i me, 

0f 

17^ 

13 "‘ 39 '> 

ClironoiTK^ter corr., 


ithntKM 

1 19 

Sidereal time, 

$ 

17 , 

12 20 

Right ascension, 

a 

9 ! 

27 40 

Hoar angle, 

t 

7 ' 

14 40 


The corrections for differential refi-action oori*esponding 
to this hour angle and declination, taken from the tal>les 
constructed for the Lick Observatory, or computed fi-oin 
(816) and (317), are 

Aa = — 0».04, AS = — 0".0. 

The corrections for parallax at the unit distance, i.e. the 
parallax factors, taken from tables constructed for tlie 
Observatory, or computed from (92), (90) and (93), are 

A.a =: -f- 0*.56, ZSlS 4“* 0^ ,1. 

The comets distance was 1.67, and therefore the required 
corrections for parallax are 

A.a = + 0®.36, AS =: -f- S .9* 
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Applying these corrections to the observed place we ob- 
tain the following apparent place of the comet : 

Mt. Hamilton sid. time Apparent a ■ Apparent S 

1890 July 23, 89^ 9* 27^^^ 39^.98 + 40° 42' 24".0 

155. the TTiethod of diTeot micTometeT 'yyiecLS'uvem.eTit, 
When the object whose position, S^')? is to be deter- 
mined is comparatively near the comparison star, (a^, 
so that both are well within the field of view, their differ- 
ences of right ascension and declination are conveniently 
determined by direct micrometer measurement. 

Let the micrometer wire be placed parallel to the equa- 
tor, as before. By means of the driving clock keep the 
telescope directed to the star and object so that the point 
midway between them will be as nearly as possible in the 
center of the field. Bisect the star’s image with the fixed 
wire and the object’s image with the micrometer wire, and 
note the chronometer time and the reading m of the microm- 
eter. If is the reading for coincidence of the wires, 
and JR the value of a revolution of the screw, then the 
apparent difference AS of the declinations is given by 

AS = (m - mJ)R. (319) 

Rotate the wires through 90^, bisect the two images as 
before and note the time and the micrometer reading 
The apparent difference of the right ascensions is given by 

Aa = (m' — mj) R sec ^ (8" 4- S')- (320) 

This method cannot be used with safety near the pole 
unless the instrument is in good adjustment and the diffex^- 
ence of right ascension is small. 

The apparent differences of right ascension and declina- 
tion will require correction for differential refraction. The 
corrections could be computed by differential formulae, but 
an equally satisfactory method consists in computing the 
absolute refractions in right ascension and declination for 
the star and object, and taking their differences as the cor- 
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rections to the observed intervals Aa and AS. Tne vaaies 
of the parallactic angles and zenith distances, <■/', z’ for 
the star and q'\ z" for the object, may he taken from 
general tables constructed for the point of obsei’vation, or 
computed by 0^5}, These should be par- 

tially checked by the formula 


.11 


z' = Az = — CDS S' sin q' Aa — cos r/' AS, (:’,21 ) 

formed by differentiating (30) and (41) and combining 
the results with (31). The refraction r' for tlie star may 
be computed by means of (95), (96) or (97), remembering 
that z in these formulte is the ai»j)arent zenitli distance. 
Formula (96) will be sufficiently accurate, except in case 
of observations made very near the horizon, 'rhe refrac- 
tion r" for the object should now be fonnd differentially. 
The change Ar in refraction due to a change Az in zenitli 
distance is obtained from (96), thus: 


Ar 




‘ j“ t 


Hiw A; 




in which Ar and As are expressed in terms of tlio samti 
unit. The refraction for the object will be given l)y 

r" = r' + Ar. 

The corrections to the apparent places may l>e obtained 
from (100) and (101), thus: 

da' = — r> sin q' see S’, dS' — ~ r' cos q', (32 } > 

da" = — r" sin q" sec S", dS" = — r" cos q". (32r>) 

Therefore, we shall have the true differences of rigliit ascen- 
sion and declination, as seen from the point of ol^ei'vation, 

a" ■— a' = Aa 4- (da" -- da’'), (S2C) 

S" ~ 8' = AS + (dS" - dS'), (;i27) 

from which the values of cc” and S" may he obtained. 

If the object is in the solar system, it will further require 
correction for parallax. 
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Example, Lick Observatory, Friday, 1898 Nov. 11. 
12-iiich equatorial. Observer, W. J. Hussey. The differ- 
ences of right ascension and declination of the minor planet 
Eros and the star DM. — 4°.6413 were measured directly 
with the micrometer, to determine the apparent place of 
the planet. 

The mean of five measures of difference of declination 
was, (the planet being north of the star), 

m =: 55’*.007 at (sidereal) chronometer time 22'* 21®.0. 

The mean of ten measures of difference of right ascension 
was, (the planet being west of the star), 

m' = 67»‘.180 at chronometer time 22* 52”^ 22^.7. 

The mean of five additional measures of difference of 
decimation was 

m = 55^.228 at chronometer time 22* 56^”- 27®.2. 

The coincidence of the wix'es was at 46'\660 ; the value of 
one revolution of the screw is 14^'. 068 ; the chronometer 
coi'rection was + 2^'^ 53^.7 ; and the apparent place of the 
star for the instant of observation was [from ICarlsruhe 
JBeohaehtungen '~\ , 

a' = 21* 13^ 10^63, S' = - 4^ 6' 10".9. 

The observations for determining AS will be combined 
as follows, the i^eductions — 1^4 and — 0^.001 being applied 
so that the declination observations will refer to the same 
instant as the right ascension observations. 


Chronometer, 

22» 48* 

^2R.O 

m, 

55'-.007 



90 

56 

27 .2 


55 .228 


Means, 

90 

62 

24.1 


65 .118 


Reductions, 


- 

— 1 .4 


- .001 

■ 


OQ 

52 

90 7 


55 .117 







46 .650 






A8, 

+ 8 .467 R 

= -t- 119".04 

Chronometer, 

09 

52 

22 .7 

m', 

67 .180 


Chron, corr., 

-f- 2 

53 .7 


46.650 


Sid. time, 6, 

22 

55 

16 .4 

Aa, 

— 20 .580 R 

sec (-4° 5. 2) 




Aa, 

- 289".36 
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Applying these values of A« and AS to tlie star’s place we 
have the approximate position of the planet, 

a" = 21'* 12"* 8" “ - I” 1 ' 12". 

The data for solving (35), (86) and (37 ) are 


<f> = 

=: 1 

37° 20' 20" 

k/ *-* 

55 ^'^ 

t* = 

= 4 - 

1*42"* 0“ 

t" =: 4 1 

42 25 

tf = 

= 4 - ! 

25° 31' 30" 

t" == 4 25° 

50 ' 15 " 

S' = 


4 0 11 

8" = - 4 

.IL itmi 


The quantities obtained from the solution are 


(ji = 27° 33' 50" 
s' = 47 45 42 


q" ^ 27° 38' K!" 
s" = 47 40 10 


The value of z" — z' = Az = + 28” agrees exactly with 


that obtained from (321). 

The mean, value of the refraction at true zen 
z' — 4:1° 4,6' is about V. Solving (96), (822) 
for z = 47° 46' and Asj = 4- 28”, assuming It = 
and t = + 56° as the average for observing 
that season of the year, we obtain 


ith distance 
and (823) 
25.8 indies 
weather at 


r' = 51".2, 

r" = 54- .2 4 ()".015 = 54".215. 


Substituting these in (324) and (325) we obtain 

da' =— 25".14, dB' = - 48".05, 
da" = - 25 .22, dB" = - 48 .03 ; 

and, therefore, from (326) and (327), 

a" - a' = - 280".3G - 0".08 = - 289".44 = - lO'.OO, 

8" _ S' = 4 119 .04 4 0 .02 = 4 119 .00 = 4 1' 59". 1 ; 
whence 

a." = 2F 12”* 50».33, 8 = - 4° 4' 1 1".8. 


The distance A of the planet from the earth being 1.225 
units, the parallax corrections taken from general tallies 
or computed from (89), (90) and (91), are 4- 0*.17 and 
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+ 4'^T• The apparent place of the planet referred to the 
center of the earth was therefore 

Mt. Hamilton sidereal time A]ppareiit a Apparent S 
1898 Nov. 11, 22’^ 16^4 2P 12"» 50«.50 - 4^ 4' 7'M 

OETERMINATION OB" POSITION ANGLIH AND DISTANCE 

156. The relative positions of two objects close together 
are conveniently expressed in tei'ms of position angle and 
distance. The position angle, jp, of one star, B, with refer- 
ence to another star, .4, is the angle which the great circle 
passing through the two objects makes with the hour 
circle passing through JL, reckoned from the north toward 
the east through 360^. Their distance, is the length of 
the arc of the great circle joining them. 

To determine the position angle, revolve the micrometer 
until one of the stars, by its diurnal motion, follows along 
the micrometer wire, and note the reading Bq of the posi- 
tion circle. Keeping the telescope directed upon the stars 
by means of the driving clock, revolve the micrometer 
until the micrometer wire passes through the two stars, 
and note the circle reading B. The position angle re- 
quired is 

p = P-(Fo±90^). (^28) 

To determine the distance, revolve the micrometer to 
the circle reading B ± 90^. Bisect one of the stars with 
the fixed wire by moving the whole system of wires, then 
bisect the other star with the micrometer wire, and note 
the reading m of the micrometer. If is the reading of 
the micrometer when the two wires coincide, and B the 
value of a revolution of the screw, the required distance is 

5 = (m — Wq) jK. (329) 

In very accurate measurements bisect the two stars as 
above, and take the reading m. Move the micrometer 
wire to the other side of the fixed wire, bisect the stars 
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with the wires in that order, aiul take tlie reading 7/1'. 
The distance is now given by 

s = ■ - Wi) /{. (-530) 

In this way several systematic .and pei’sonal errors are 
eliminated, partially at least. This method is called the 
method of double distances. 

The values of s and p will be affected by x'efraction ; 
but in the case of double stars, to whicli tluj method is 
especially applied, the correction for refraction may usually 
be neglected. 

If the distance between the two stars is large, the tcde- 
seope should be directed so that the two .stars will fall on 
opposite sides of the center of tlie licld, and at ecjual dis- 
tances from the center. In this case tlic measured {position 
angle is the angle between the arc joining the two stars, 
and the hour circle passing tliroiigh tlie middle point of 
that arc. Let p' and s' be tlie observed angle and dis- 
tance. Let their values corrected for refi'action be p and 
s. Let z and q be determined for the point midway be- 
tween the two stars from (36), (36) and (37), and let k be 
defined as in (318). It can be shown * that 

p = p' — K cosec 1" [tan® s: cos ( p' — q) sin (p' — q) 

— tan z sin q tan | (S -1- S')3» (3:i l ) 

s = s' -h SK [tan®3 cos®(/}' — ly) + Ij. 

This value of p, referring to the point midway liefcween 
the two stars, may readily be converted into the {losition 
angle of each star with reference to the other star. Ijct 
S', in the position a'. S', represent the western star; S", 
in the position a", B", the eastern star ; 3£ the point mid- 
way between them ; and P the pole of the equator. lad 
p' be the position angle of the eastern star with reference 
to the western, and 180°-f-jo" the position angle of the 

^ V -i 

* See Ohauvenet'^s S%77h. and Justronomi/y VoL 11, pp, 450«4l>P, 
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western star with, reference to the eastern. In practice, 
the declination of one star will always be known ; and if 
the declination of the other is unknown, its value may be 
found with sufficient accuracy from equation (838) below. 
Let Sq == |-(S" + S'). Without sensible error, we may 
assume as the declination of the point itf defined above. 
Then, from the triangles JPS^M' and JPS^^ W we can write 
lQ}iauvenet^% Sph. Trig,, § 70, (N)], 


tanp' 

tan 


sin p 

cos i 5 cos p -h sin s tan Sq ’ 

sin jp 

cos s cos^ — sin J 5 tan Sq’ 


( 333 ) 

( 334 ) 


which determine jp' and p". Their values will differ very 
little from p, unless the stars are very near the pole. 

It is frequently required to convert position angle and 
distance into the corresponding differences of right ascen- 
sion and declination. From the triangle defined 

above, we may write \_07iauvenefs Sph. Trig., (44)], 


sin 4 — cx^) =: sin J 5 sin -f p') sec S^, (335) 

sin ^ (8'^ — S') = sin J s cos J (j?" + i^O i (336) 

which solve the problem. If the stars are at some distance 
from the pole, we may safely substitute^ for ^(p^^ +p') 
in these equations. 

If the stars are not far from the equator, or if s is rela- 
tively small, or if only moderate accuracy is required, 
these equations may be written, 

a" — a' = 5 sin sec S^, (337) 

S" — 8' = ^cosp. (338) 

Example. 36-inch equatorial, Lick Observatory, Thurs- 
day night, 1898 November 17. Observer, W, J. Hussey. 
The position angle and distance of the faint companion 
of Sirius with reference to the principal component were 
measured as below. The distance was determined by the 
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position circle was 


P, 185”.() 
184 .7 

181 .3 

184 .7 

182 .2 

185 .0 
184 ,3 


-anec: 

US. The cc'iuatoi 

’ reading of tfie 

j o ^ 

■L. « 1 ^ 

and the value < 

of a j-evolutitiii 

w is 

9".i>07. 



m', oi)*' ,ilH) 

ni, 55^2141 


*1 82 

.35< > 


. 1 8( ) 

.3^a # 


.178 

f 1. aiMh# 


.1 on 

♦ I * 

*»>» a* 

Alea 

n 5(> .ISO 

Aleau 55 .Blc 


nij 55 .3^1■2 


(m' - 

- 'm), .'122 



Ji, 5l".l>()7 



.S-, -I'M-S 



lien 


r 


Mean P, 184 .4 
111 .7 

72 .7 
- f 90 .0 

p, 102 ^ 

The correction for refraction is not ap£>rcciaMo* 

THB BIKG- MlCmOMETEB 

157. This consists o£ a narrow inetal ring’, one or \n: 
of its edges turned exactly circular, att.achod to a thin 
piece of glass in the focal piano of an e^^ivjacc^c, 
the eyepiece is put on the t(dosco|>c and foiuiscd, 
is also in the focal piano of tlio olvjcct glass. 

If the times of transit of two stars over tlui edges of the 
ring are observed, the differences of their right asetmsimm 
and declinations can be found* But I’esults ohiaiinid in 
this way can be regarded as only ap]>rox.hnately inirris'd-, 
and the ring micrometer slmuld never \m im&A with an 
equatorial telescope unless, in cascj of great liaste, tlierc! is 
not time to attach the filar micrometer ainl adjtisi its wires 
by the ^diurnal motion. The principal advantage of thi:^^ 
ring micrometer is that it can be used with an iristrinnent 
mounted in altitude and azimuth as well as with an erpia* 
torial, whereas a filar micrometer cannot* 

158. To the radius of the rififp Select two Biarn 
whose declinations are accurately known, the differem*© 



HmG MIOB.OMJETEB 


237 


of whose declinations is a little less than the diameter of 
the ring, and whose right ascensions do not differ more 
than three or four minutes. Two stars to fulfil these con- 
ditions can always be found in the Pleiades. When these 
stars are nearly on the observer’s meridian, observe their 
transits over the edge of the ring. 

In Fig. 28 let QDD^ represent the ring ; CD the path 
of one star (a^ 3}, and and the observed sidereal times 
of its transit over Q and D ; the 

path of the other star (a', S'), and 
and the times of its transit over 
(7' and _Z>'. Draw MM^ perpendicu- 
lar to QJD and a'D'. Draw the radii 
Q O and O, and let r represent their 

value in seconds of arc. If we put 

COM= y, y% 

we can write 

OM = r cos y, CM = 

OM^ = r cos y^ = 

and therefore 

M M' = 7’ (cos y' -h cos y) = 2 r cos J (y ' +• y) cos 
C^Mf + CM = r (sin y^ + sin y) = 2 r siu I (y^ 4- 
— CM = r (sin y' — sin y) = 2 r cos (y ' 4 

We have 

MM' = S' - S, CM = cos 8, C'M’ = ^ - h''> cos S' ; 

and if we put ^ 

j Qy! 4- y) = ^ J (y' — y) = jB, 

we can write 


^ ^ 4 CM 

tan A = 

^ „ CM' - CM 

3^(t' - 

- cos B' 4 (^2 “ 

- tj) cos S 

(342) 

(343) 

1 

\ > 

‘1 ^ 

II 

S' 

- cos S' 

- 8 

- - 

- tj) cos 8 

‘ j 

tan B — 


S' 

- 8 


r 

MM' 

2 cos A cos JB 2 

8' - 8 . 

cos A cos B 

(344) 



r sin y, 
r sin y^ ; 


i(y'-7)» 

y) cos i (y^ — y)> (340) 

y) sin J (y'— y)* (341) 
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The apparent distance between the stars is aftbcted hy 
refraction. Since the observations are made near the 
meridian, the refraction in right ascension can be 
lected, and it will be sufficiently accurate to consider that 
its effect upon the difference of the declinations is equal 
to the difference of refraction in zenitli distance of the 
stars when they are on the meridian* The ditterence of 
the declinations furnished by the star catalogues reqxiires 
to be decreased numerically by the difference of the re- 
fractions before substituting in the above equations, ddie 
difference of the refractions may be readily obtained wit lx 
the assistance of the table in § 111, Ixased upon equation 
(280), or from the table of mean refractions. Appendix, 
Table II. 


Example. Friday, 1889 Jaix. 25. The following times 
of transit of 23 Tauri and 27 Tauri over tlie outer edgi^ of; 
the ring micrometer of the 12|:-inch equatorial of the 
Detroit Observatory were noted, to determine tire xudins 
of the ring. 

23 Tauri 27 Tuurl 

q = 3'* 4i«.5, ty - 

q = 3 30 53.0, = 3 33 11 .0. 


The mean places of these stai's for 1850.0 are o-iveu in 


JVewoomb's Standard Stars. Reducing them to the mean 


place for 1889.0 by § 52, and tliencc to the apparent pliwai 
at the instant of observation hy § 55, (Z>), we ol)taiii 


8 = 23° 36' 4'M3, 


S' = 23° 42' 4r)".40. 


The zenith distance of the stars is about 18" ainl tho 
difference of their zenith distances is about 1 '. Kiiteririg 
the table in § 111 with | (s' - s") = 3'.5 and s = 18'% one- 
half the difference of the refractions is 0".07, or the whole 
difference is 0".14. Therefore the apparent difference of 
declination of the stars is 


S' - S = 401".13. 
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From (^342) and (^3433 we find 

.4 = 18° 1' 34", B =3° 55' 37" ; 

and then, from ("344) 

r = 211".4:. 


The mean value of 
transits is 


r from nine 
210".7 ± 0".18. 


complete sets of 


159. To determine the difference of the right ascensions 
and declinations of two stars. Observe the transits over 
the edge of the ring, as in § 168. Using the notation of 
§ 168, the difference of the right ascensions is given by 



of — a = i (q' + t^') — J (ifj + q). 

(345) 

Letting OJK- 

= d, and OWE' = d' we can write 


1,6 

Sin -y = -A 

' ^ (^2 h). sin y = S' 

r T " 

(346) 


d r cos y, d/ ==: r cos y 

(347) 

The difference of the declinations is given by 



8' - S = d' d= or. 

(848) 


The lower sign is used if the stars are observed on the 
same side of the center of the ring. .Equations (347) do 
not determine the signs of d and d\ but there -will neyei* 
be an.}^ ambiguity if the observer notewS the positions of the 
two stars with reference to the center of the ring. 

Differences obtained in this way are slightly in error on 
account of refraction; on account of the fact that the paths 
of the stars are arcs and not chords of the circle (e25:cei:)t 
for equatorial stars) ; and on account of the proper motion 
of one of the bodies (if it have a proper motion). But as 
stated above, the ring micrometer should not be used on 
an equatoinal telescope when exact measurements are 
required ; so that the corrections for these errors will 
seldom be justified, and we shall not consider them here. 
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Example. Saturday, 1888 Sept. 8 
Comet G 1888 was compared with that of the star 1 1 1 Jl’i 

in TFetsse’s Bessel's Catalogue., by observing the; transits oi 
the star and comet over the inner edge of the ring iniw’oin- 
eter of the 12-J-inch equatorial of the Detroit Observatory, 
The times of transit were 


Star 

t, = 19" 18« 3 K1, 


CmiH‘1, 

19" 19"‘ PJMJ, 


;2 = 19 18 50.0, q' == h> 19 ill.l. 

The image of the star was north of tlie center an<l that t)f 
the comet was south. The radius of the ring is 17 ! ”.6. 
The apparent place of the star was 

a = 13" 5G"‘ 3".0(), 8 = + 30 13' 49".(!. 

The declination of the comet was apiiroximattsly -f- til” 18'. 
Substituting in (345) we iind 




The solution of (346) and (347) is here given. 


log\^ 0.87506 
cos8 9.93201 
a.c. logr 7.76548 
log (q - \) 1.20140 
"siny 9.77395 
cosy 9.90542 
logr 2.23452 
d 138".0 


log V 0.H750I5 
cohS' 0.93 169 
a.<;. logr 7.76548 
log(/,/ - /,') 1.26717 
silly' 0.839 10 
cosy' 0.8.5912 


'I *.-fm 


d' 124".1 
S' — S = d' + = + 262".l = «f 4' 22". 1 


These approximate values of the apparent tliifi 
a' ~ a and S' — S correspond to tlie Ann Arbor 
time 1888 Sept. 8, 19'* 19"* 22". 


:rencos 


U’CI 



APPENDICES 


A. Hints on Computing 

The numerical calculations required in the problems of 
practical astronomy are generally a source of discour- 
agement to the beginner, even though he is a skilful 
mathematician. Practice in making extensive series of 
computations, however, very soon suggests to him various 
devices for avoiding much of the labor. Every computer 
acquires methods peculiarly his own ; yet the following 
hints will possibly be useful to many. 

Only those logarithmic tables should be employed which 
contain the auxiliary tables of proportional parts on the 
margins of the pages, excepting possibly three-place and 
four-place tables. They enable the computer to make 
nearly all the interpolations mentally ; and the use of any 
other tables, for any purpose whatever, cannot be recom- 
mended. 

The following are recommended: 

Bruhns's or Vega's seven-place tables. 

Bremiher' s six-place tables. 

Hussey's^ Newcomb' s or Becker's five-place tables. 

Zech's addition and subtraction logarithmic tables.* 

Barlow's tables of squares, square-roots, etc. 

Orelle's multiplication and division tables. 

If extensive computations are made with seven-place 
tables and the interpolations carried to hundredths of sec- 

* JBremilcer’ s tables contain. Gauss's addition and subtraction loga- 
rithmic tables to six places. Sussey's and Becker's contain Zech's to 
five places, and Newcomb's contain Gauss's to five places. 
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onds, the results are usually accurate within a tenth of a 
second. If six-place tables are used and the interpolations 
carried to tenths of seconds, the residts are usually accu- 
rate within a second. If five-place tables are employed 
and the interpolations cari-ied to seconds or to Imndredtlis 
of minutes, the results are usually accurate within five 
seconds. 

First of all, an outline of the tvliolc sulutum should be 
prepared by writing' in a vertical column the symbols of 
all the functions that will bo used. Those should bo 
placed adjacent to each other which are to lie combined, 
as shown by the formuhe. If a number of similar solu- 
tions for different values of the variable or variables are to 
be made, a vertical column should be arranged for each on 
the right of the column of functions, which tlius serves for 
all, and the computations in the several columns sliould bo 
carried on simultaneously. If tlie solutions are made for 
equidistant values of the variable or variables, this metliod 
affords a valuable check on tlie accuracy of tlio results, 
since all the quantities which are in tlie same liorizontal 
line should differ systematically from each otlier as we go 
from the first column to the last. By subtracting the 
result in each column fi-om the corresponding result in 
the next column to the right, any error will be detected 
very quickly by the fact that the Aiffereners will not vai'y 
properly. This method is called the method of differences. 
It will not detect systematic errors : that is, errors affect- 
ing all the columns alike. 

If the sine, cosine, tangent, etc., of the same angle ai-e 
required, they should all he taken from the tables at one 
opening. Avoid turning Uoice to the same angle in the same 
solution. The interpolations cati he chocked by subtract- 
ing mentally the last two figures of the cosine from those 
of the sine and comparing the result with the last two 
places of the tangent; and similarly in other cases. 

The tangent of an angle always vai'ies more rapidly 
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than its sine or cosine, and for this reason the value of an 
angle should be taken from the tables by means of its tan- 
gent if great accuracy is required. 

Many of the operations can be performed mentally, 
thereby saving much time. Thus, two numbers can be 
added or subtracted mentally from left to rights or a num- 
ber multiplied or divided by two from left to right, and 
the result held in mind while we turn to the tables and 
take out the proper angle or function. This has been 
done very largely in the solutions of the examples in this 
book. Just how far the student should carry the method 
depends upon the individual. The beginner will find it 
perplexing and a fruitful source of error, but after some 
practice he can perform the operations quickly and accu- 
rately. It should be said that many experienced com- 
puters prefer to set down the results in the usual way. 

If there are several factors in the numerator or denomi- 
nator of an expression to be evaluated, do not add the 
logarithms in the numerator together, those of the de- 
nominator together, and take the difference ; but form the 
arithmetical complement of each logaidthm in the denomi- 
nator mentally by subtracting it from 10, from left to right, 
and set down the result in the proper j)lace- All the 
factors can then be combined by one addition. 

When a constant quantity is to be used several times, it 
should be written on the margin of a slip of paper and held 
over the quantities with which it is to be combined. 

If two quantities are to be combined which are separated 
by one or more lines, hold a pencil or slip of paper over the 
intervening quantities and the two can then he combined 
as conveniently as if they were adjacent. 

If two quantities are given by their logarithms, and the 
logarithm of their sum or difference is required, it should 
be found by means of addition and subtraction logarithmic 
tables. The result will be obtained more quickly and 
accurately than by means of the ordinary tables. 
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Whenever the formulae ftmiish checks on the accuracy 
of the solution, they should generally be applied. The ex- 
perienced computer usually detects an error very quickly. 

If the trigonometrical function or other logarithmic 
function is negative, write the subscript after it. 

Do not use negative eharaeteristios. Increase them by 10 
if they are naturally negative. 

The example in § 4 will illustrate many of these methods. 
First write down the two columns of functions, as the 
outline of the solution of (12), (13), (14) and the check 
equation (9). The values of 2 and A are inserted. 
From the tables tan z and sin z are found and written oppo- 
site their symbols; and likewise cos -A, tan ^ and sin A. 
The sum of tan;^ and cos -4. is tanilfl Add them mentally, 
enter the tables and take out ifef. Take out sin M at 
once. Subtract JTfrom mentally, find sec (< 5 & — M') and 
tan (<jf) — AT). The value of sec (<jt> — ilf) is 10 — cos (<^ — AT). 
Add the three logarithms to find tan t. Determine t from 
the tables and take cos t and cosec t out. The sum of 
tan — ikf) and cos t is tan S. Add them mentally and 
take S and sec B from the tables. The sum of the last four 
logarithms is log 1. It should not differ more than one or 
two units of the last place from zero or ten. 

The printed solution contains every figure that need be 
written down. But possibly the beginner should write 
down tan cf> — ifeT and tan S. 

B. IXTERPOnATXON FoitMUnAil 

The Ephemeris tabulates the values of any required 
function corresponding to equidistant values of the time. 
If the value of the function for any intermediate date is 
desired, it is sometimes determined most conveniently by 
means of a general interpolation formula. 

Let ^Tbe the date in the Ephemeris nearest the instant 
for which the value of the function is required, and let 
CO be the tabular interval of time. Then the adjacent dates 
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in the Ephemeris may be represented as in the first column 
of the following* table, and the corresponding values of the 
function as in the second column. Subtracting each value 


ArgTiment 

Punction 

1st Diff. 

2dDrff'i 

i 

SdDiff. 

4tb. BiflP. 

Sth Oiff. 

6tli Diff. 

2’ - B o> 

nr -So.) 

/(r-2aj) 

aifi 



i 

1 


T~ 2co 



Cff 




/( - “>) 

T- o) 

ai 

b, 


d, 




T 

/( n 

C«3 

h 


d 

M 

/ 





c' 

1 



T-+ o) 

/( -+- c*>) 


h' 

c'f 

i 



T-t2o) 

f(T + 2o>) 

a!ff 






7^ + B CO 

f(T +So>) 








of the function from the next following value, we obtain 
the differences” in column three. Subtracting each 

1st difference from the next following, we obtain the 2d 
differences in column four; and so on, for the differences 
of higher orders. Lastly, the q^uantities ^ + a'])? 

[(?] == (^Cf + <?') and ~ 4- are inserted in the 

same horizontal line as 21 Let the instant for wliiGh the 
value of the function is wanted be represented by T + t. 
Let n be the ratio of t and the tabular interval o> ; 
n = t/co^ or t = n<o. The value of the function required is 


f{T + 0 = /( 7 ’) + «[:«:+$ + 

2 - B . 4 - 5 



— 1 ) 
2 • B • 4 


d 


JExample* Determine from the American Ephemeris, 
page 219, the apparent declination of Meronry at Green- 
wich mean time 1899 April 2"^ 16'* 
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Tlxe epoch T is April 8''.0, the tabular interval w is 24'‘, 
ami t is — 8*. Tlxerefore, u = — The functions and 
differences are as below : 


Argument 

Fimotion 

a 

b 

€j 

d 

e 

April 1 .0 

2 ,0 

+ 18' 10' 8‘t".4 

18 22 20 .0 

18 24 20 .0 

+ 6' 65".2 

-t-2 0 .0 

— 1 64 .4 

65't2 

-3 54 .4 

■+o".a 

-1-3 .2 

4" 2 ^ ^.4 

H-0".8 

a ,0 

18 22 85 .2 

[^.-■a 50 .0] 

--8 61 .2 

[ + 4 .6] 

4-2 .7 

[4-0 .1] 

4 .0 

5 A) 

IS 1(5 49 .9 

1 

i la 7 18 .7 

— 6 45 .0 

j —0 80 .0 
I--18 7 .7 

-Ol 4A .a 

~:i ar> ,8 

+ 5 4) 

•4“ 8 *5 

4-2 ,0 

-0 A 

(> 4) 

;4-I2 54 11 .() 

i 

. . 






'I'he cpiantities to be talicxi from this table are all in- 
cluded, with Aju-il 8''.0, between the two horizontal lines. 
Substituting those valvuis and n = — § in the above equa- 
tion wis obtain the following values of the individual 
terms, and their sum, respectively : 

+ i;v’ *J2' :5r)».2 
■f i in .7 
12 .8 

4 ^ <) /2 

) «# oL 

0 .0 

f{T ‘ 1 - 0 


It m often to cieterniiino by interpolation tlie 

Viilno <vC a ft.n:u'!iii>n for a elate midway between two ^tebu- 
lar datoH. Tim reqtiirad *valne is determined as follows : 
Frran the arithnuitieid mean of ttie two values of ^ the 
fniieiion t 5 orreH|'a>ndin|jf to tlie two tabnlar dates^ Bnbtiact 
oin^eighih of tii© aritlnnetical mean of the second differ- 
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ences fopnd on the same horizontal lines as the two dates, 
and add thi^ee one hundred and twenty^eiglitlis of the 
arithmetical mean of the fourth differences found on the 
same horizontal lines. 

Example. Determine the apparent declination of Mer- 
cury at Greenwich mean time 1899 April 
From the above data 

-1(13° 22/ 35//.2 + 13° 10’ 49//.6) 

^ \ . i (- 3 51 .2 3 45 .3) 

4 . . I ( + 2 .7 + 2 . 6 ) 

App. S, 1899 April 3^.5 


= 4- 13° 19/ 42//.4 

=:= -p 28 .5 

= _ 0 .0 
= olv 10/'.9 


C. Combination anu Comparison or Observations 
For^nulce resnltmg fro77i the Method of Least Squares 
1. Direct observations of a quantity; n separate results. 


--- of equal weight. 

Most pi'obable value of quantity, 


[m] 

n 


Residuals, 


m. 


V 1 , 




m 


n 




Probable error of 2 :, 



I |W 

Probable error of a single observation, r = ± 0.074-5 

\n — 


2. Direct observations of a quantity : n separate results, 
jWp 771^, ••• of unequal weights, jOj, jOgi 


n* 


Most probable value of quantity, . z = 

" ~Lp1 ■ 


Probable error of s, 7'^^ = 

= ± 0.6745 > 

1 

Probable error of an obs’n of weight unity, r = 

= d= 0.6745-^ 

1 1 


^ Tlie symbols [ ] signify tlie sain of all similar quantities. Tims 

771% “f“ “4* "P Uhfi- 

Ipvd} ^pxvx^ 4- + h 
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Might of ^ |-pj|^ 

HtUaiioii of weights to probable errors, p. -i- : i 

If Z = azy^ ±z hz^ ± ••• kz,,„ and the probable errors and 
weights of atj, ... are r^, r^, and p^, p^, ••• then 

the probable error and weight of Z are given by 

r = ±. 4 - (dr.j)^ + ••• (*r„)^ 

i = 4- ^ 4 

P Pi I>‘i Pn 


■1. In general, if Z =:f(^z^, z,^, 
of Z is 


s„), the probable error 




Vllf 




2 4- ... 4- f^Yrn^- 

\ fiZ^i / 


5. Direct obs( 

srvations of 

the separate resi 

alts, Wi, wg. 

ihts fornx of the 

function, az. 


«!» 4- tn 


a,yZ + 

kttU 


• » « « 

a^iZ + m 


of equal weight, and 


0 , 


Tht? most probable value of z and its probable error are 

c ^ ^ ^ 0.0745x/- - - 

If tin? observations are of unequal weights, multiply the 
«)I»servation equations through by the square roots of their 
riwpeetivo weights, and proceed as hefoi-e. 

tl. Direct observations of a function of two quantities, 
w and z : tlxe separate results, m^, m^, . . . m„ of eqiaal 
weights, and the form of the function, aw 4- The ob- 
Hcrvatiou equations are 

aj^w »h /^iZ “1“ nil = 0, 
aoW + "h m,2 “ 0, 


anUJ + 4 - = 0 . 
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The normal equations are 

{aa] w + [aZ?] ;2; -j- {airi} = 0, 

[aZ?] w + {pb~\ z + {brri] = 0. 

Let 

_ gA3 [«&] = [M.l], [bm] - M 1]. 

Then the most probable -values of w and z are given by 

^ __ 

[6&.1] ’ 

[«&] [am] 

[aa] [aa] ' 

The weights of w and s are 

iP. = [&&.!], p^=l^iaa]. 

The probable error of a single observation (of weight 
unity) is 

r = ± 0.6745-^/ -£-~3 ; 

\/ n — 2 

and the probable errors of w and z are 

r«j “ ' > Vg ” * 

yp„ vp. 

If the observations are of unequal weights, multiply the 
observation equations through by the square roots of their 
respective weights, and proceed as before. 

7. Direct observations of a function of three quantities, 
y and z : the separate results, Wj, of equal 

weight, and the form of the function, ax + hy + oz. The 
observation equations are 

(i^x 4- h^y + c^z 4 mj = 0, 

a,jX 4 h^y 4 ^ 2 ^ 4 = 0 , 

• •• ••• 

cifipc 4 b>n,y 4 c>)x^ 4 = 0 . 

The normal equations are 

[аа] X + [aiq y + [ac] z + [am] = 0, 

[аб] X- + [W] y + [&c] 3 + [&m] = 0, 

[ac] X -j- [/>c] y -j- [cc] z 4- [^^] ” 
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Let 


LMl 

_ [aZi] 

II 

1 — 1 

1 r 

C/>c] 

- [«c] = U>c.i2, 

i — 1 

U-J 

- [rtm] 

=: [[ftm.li, 




[c<;3 

[acl p. ~ 

— j- — r a cl 
[aaj ^ 

= [cc.l], 

Ec'/n] 

[acj!:] ^ 

= Ccm.l], 

[cc.lj 

IhcA^rr -,-1 

=: 2] 5 

[C7n..l] 




Then the most j)robable values o£ y and z are given by 

;3 _ [CcSi’ 

i*«» 

J'V'* i-ii ],m» ft Jf *"■ ('••V ***^ 

M • w~ c««r 


The weights of x, y and z are given by 

p, = C<; 6 -. 2 ], 

rcc. 2 ] rw-'.i] ^ ^ 

Ccc.l]„ = [«a ~ gd [/«.•]. 

Ilia probable error of a single observation (of weight 
unity) is 


in wliicli 


r == -i 0,6745 


I 

I wm mm 

\n"^W 


and the probable errors of x, y and z are 

_ „ *i* T _ T 

T JB *»•“ II 7" y “«*• '‘""’"yiZ • 

v/v V>>^ 

If the observations are of unequal weights multiply the 
observation equations throtigh by tlie square roots of their 
respecstivo weights, and proceed as before. 
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D, Objects for the Telescope 

Besides the moon, the planets and the Milky Way, the 
objects in the following list will be of interest to the stu- 
dent. Fuller descriptions of them, with many valuable 
hints on the use of the telescope, can be found in WehVs 
Celestial Objects for Common Telescopes^ which is an excel- 
lent guide for the observer. Every student should provide 
himself with a good star atlas. JClein's IStar Atlas ^ or Ileis^s 
Atlas Ocelestis is recommended. 


a, 

1900.0 

S, 

1900.0 


37"*. 3 


0 

0 

43^ 

0 

53 

.4 

+ 

81 

20 

1 

18 

.9 

+ 

67 

36 

1 

22 

.6 

+ 

88 

46 

1 

48 

.0 

4- 

18 

48 

1 

57 

.7 

4" 

41 

51 

2 

12 

.0 

4- 

56 

41 

2 

14 

.3 

— 

3 

26 

3 

1 

.7 

4- 

40 

34 

3 

40 

.2 

4” 

23 

27 

4 

7 

.6 

-j_ 

60 

59 

4 

9 

.6 

— 

IS 

0 

4 

30 

.2 

4- 

16 

10 


9 

.3 

4. 

45 

54 

•5 

9 

.7 

*— 

8 

19 

3 

28 

.5 


21 

57 


Object: description: remarks 

The &Teat JS’ehttla A^idromeda. One of 
tlie most interesting in the sky, large, 
by 4"^, easily visible to the naked eye. 
A small companion nebula lies 22' south. 
U Oe%">hei^ vaxnable, 1^,1 to 9^.2, period 5. 
xp Oassiopeim^ trii3le, B 9^", (71(3'**, 

30", JB€ ^ 3". 

a Brsce Minorzs or Polaris^ the standard 2'"* 
star ; a 9*** companion at s 
y Arietis^ double, and 5"*, p = 170*^, 

s = 8 ". 

y Azich'omedoe, double, B^.5 and 5”*. 5, p = 
53®, 5=: 10". The 5"*. 5 is also double, 
but close and difiticult even for the largest 
telescopes. 

Clnster in Persetis* A magnificent object 
with a low power. Another fine cluster 
3 minutes east. 

o Oeti^ interesting variable, irregular, 
to O'***. 5, period about 331 
jS Persei (^Algol)j interesting variable, 2^". 3 
to 3"*'. 5, period 2^^ 20'* 48”* 55”. 

ISfehnla izz the Pleiades^ very faint and diffi- 
cult, Merope in its north extremity. 
CHtster in Persetts^ good with low power. 
Plmzetary nehxila in Pridmins^ circular, 12*” 

-III. Ml r 111 -T J I. 1 JUt 

Star in centST: .. 

a Taurt^AMubaran)^ star, red. 
a A%vrigm {Cupella)^ 1”* star. 
jS Orionis CMigel)^ double, 1*” and 9”*, s = 
9", 5. The 9”* is a close double, very dif- 
ficult even with the largest instruments. 
JSfe'bnla in Taurus large, faint, oblong. 
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a, 1900.0 




d, 1900.0 





Object : description s remarks 


77Le Great Nehnla in Orion^ one of the 
most interesting nebulsB in the sky, 
about by 5^ in size. Near its densest 
part is the inultiple star 6 Orionis^ called 
the 2\'apezixi7n. The spectrum of the 
nebula indicates a gaseous composition. 

^ Orionis^ triple, A CIO^^ AB = 

2".r>, AC ^ 57'^ 

Chester in Gemini^ line field with low power. 

12 Lxjncis, triple, A 5, (77^.6, AB = 

I'^5, AC - B'MJ. 

a Oaxiis I}/ ajar is (^jShntis)^ the brightest star 
in the sky. A close 10 mag. companion is 
now (1899) dillicult in powerful tele- 
scopes. 

S Gemixioi^nxn^ double, one yellow 3^.5, the 
otlier red 8'^*, p ==; 205'^*, .s* = 7''. 

a Geniinormn (^Castor)^ fine double, 3^" and 
p = 226°; szzz5>f,7. 

a Canis 3Tinoris (^Broexjori) 1”*, with IS"* 
companion discovered in 1896, diflicult 
witli large instruments. At discovery, 
p = 320°, s =r 4'^7. 

Cluster in Cancer GPreesepe'), fine field with 
low power. 

Chister in Canee7\ aborxt 200 stars, O”* to 15»«. 

W‘ebxilm hi U-rsa J\fajo7% two nebuliB, 30' 
ai>art, preceding one briglxter with bright 
nnclcnxs. 

y Leotiis^ line double, 2”* andB^^T). In 1897, 
p = 115°, s — 3". 8, 

Planetary Nebula in IJi/dra, fairly bright. 

Nebula in Ursa small, briglit, with 

nucleus. 

Nebula i7i IB^sa J/cjybr, bright, 3' to 4' in 
diameter. 

ChtMer in Coma Benumices^ globular, bright, 
\v(dl resolved in large telescopes. 

Nebxtla in VhyOj elliptical, 30" by 5', fine 
field with low power. 

y Piryi7iis<f double, atxd 4^. In 1898, 
p = 330°, s 6". 

f Urs€e 3Iitjoris, fine double, and 
=: 14".*' 

Chisier in Caxies I bright, globular, 

probably ixiore than 1,000 stars. 

a Bootis (Aixtu-rus), star, yellow. 
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a, 

1900.0 

a, 1900.0 

Object ! description i remarks 

14fi 

40’».6 

+ 27° 

30' 

€ Bootis, beautiful double, 3'« yellow and 7«» 
blue, 5 = 3", p = 328°. 

16 

14 .1 

+ 32 

1 

U Corofice, variable, 7^.5 to S'^.O, period 

10* 51»« 

16 

23 .3 

— 26 

13 

a jScorpii^ double, 1»” and 7”^, 5 = 3". 

16 

37 .5 

+ 31 

47 

^ HercuUSy double, and s = 0".6 in 

1899, period about 35 years, now (1899) 
very difficult in large instruments- 

16 

38 .1 

4- 36 

30 

The Cluster in HerculeSy globular, one of 
the finest of its kind. [eter. 

16 

40 .3 

4” 23 

59 

Nebula i7i Ile^'culeSy planetary, 8" in diam- 

17 

10 .1 

4~ 14 

30 

a Hei'cuUSy variable, 3«M to 3’«.0, irregular 
peidod ; companion at p = 116°, 

s = 4".7. 

17 

11 .6 

4~ 1 

19 

U Ophiuchiy 6^.0 to 6«».7, period 20* 8”‘. 

17 

61 .1 

— 18 

59 

CUister OphiuchuSy good field with low 

power. 

17 

58 .6 

4~ 66 

38 

Nebula in J9mco, planetary, bright, diam- 
eter 35", very near pole of ecliptic, very 
intex'esting. 

18 

7 .3 


50 

Nebula in OphiuchuSy planetary, bright, 
diameter 5". 

18 

33 .6 

4- 38 

41 

a Lyras ( Vega) , brightest star in northern 
hemisphere. 

18 

41 .0 

+ 39 

34 

e X?/7'oe, a multiple star, A. B 6»«.6, 0 5^”', 

JD 5^«.6, AB 3", CD 2".3, A O 207". Nu- 
merous small stars between AB and CI>, 

18 

46 ,4 

+ 33 

15 

(3 XyrcB, variable, to 4*^.5, period 12*^ 

21* 47"^. 

18 

40 .8 

4" 32 

54 

Bing Nebula i7i Xyrcx, annular, gaseous, 
most interesting of its kind. 

10 

26 .7 

1 o»7 

45 

/3 Cygni, tine double, 3™ yellow and 7™ blue, 
p = 66°, s = 86". 

10 

48 .5 

4” 70 

1 

e JD^'aconiSy double, and 7»»^.6, « = 3", 

Nebula in Vulpeciilay the Dumb .Bell Neb- 
ula,” double, large. 

10 

55 - .2 

4“ 22 

27 

20 

42 .0 

4- 15 

46 

y JDelphiniy double, 4"* and 6^*, s = 11". 

20 

68 .7 

— 11 

45 

Nebula in AquaiHuSy plaiietai'y, bx'ight, very 
interesting in a large telescope. 

21 

2 .4 

4- 38 

16 

61 Cygniy double, 5"«.5 and 0"^, ^ = 21", one 
of the nearest stars to us. 

21 

8 .2 

4- 68 

5 

T Cepheiy variable, 5’»‘-6 to period 383^^. 

21 

28 .2 

1 

16 

Cluster in Aqua^HuSy large, globular. 

22 

23 .7 

— 0 

32 

^ Aqua^'Uy double, 4"*^ and 4"‘.5, = 3". 3 in 

1897. 

23 

21 .1 

4” 41 

50 

Nebula in Andro^neday planetary, small, 
very bright, roixnd. 






FBACTICAL. ASTRONOMY 


Table I. Pulkowa Refractiont Tables 


App't 


A 

AppH 

z 

log M 

A 

App’t 

z 

log fJL 

A 


o 

0 

f 

0 

1.76082 


o / 

71 0 

1.76614 

1.0115 

o / 

77 0 

1.75131 

1.0253 

1.0029 

5 

0 

1.76032 


10 

1.76606 

1.0118 

10 

1.76107 

1.0260 

1.0029 

10 

0 

1.76030 


20 

1.76598 

1.0120 

20 

1.76083 

1.0264 

1.0030 

15 

0 

1.76028 


80 

1.76590 

1.0128 

30 

1.76058 

1.0271 

1.0030 

20 

0 

1.76025 


40 

1.75582 

1.0125 

40 

1.75032 

1.0278 

1.0031 

25 

0 

1.76021 


50 

1.75573 

1.0128 

50 

1.75005 

1.0285 

1.0032 

SO 

0 

1.76015 


72 0 

1.76664 

1.0130 

78 0 

1.74976 

1.0293 

1.0033 

35 

0 

1.76006 


10 

1.75555 

1.0133 

10 

1.74947 

1.0300 

1.0033 

40 

0 

1.75995 


20 

1.76646 

1.0136 

20 

1.74917 

1.0309 

1.0034 

45 

0 

1.75980 

1.0018 

30 

1.7553e> 

1.0138 

30 

1.74886 

1.0318 

1.0035 

60 

0 

1.75960 

1.0022 

40 

1.75626 

1.0141 

40 

1.74863 1 

1.0327 

1.0036 

61 

0 

1.75966 

1.0024 

60 

1.75516 

1.0144 

50 

1.74819 

1.0336 

1.0037 

62 

0 

1.75949 

1.0025 

73 0 

1.75506 

1.0147 

79 0 

1.74783 

1.0344 

1.0038 

63 

0 

1.76943 

1.0026 

10 

1.75496 

1,0150 

10 

1.74746 

1 .0354 

1.0039 

64 

0 

1.75936 

1.0027 

20 

1.75485 

1.0153 

20 

1.74707 

1.0364 

1.0040 

65 

0 

1.75928 

1.0029 

so 

1.75474 

1.0157 

30 

1.74665 

1.0374 

1.0041 

66 

0 

1.75920 

1.0032 

40 

1,76462 

1.0160 

40 

1.74623 

1.0385 

1.0042 

67 

0 

1.75912 

1.0036 

50 

1.75460 

1.0163 

60 

1.74579 

1.0397 

1.0043 

68 

0 

1.76902 

1.0038 

74 Ol 

1.76488 

1.0166 

80 0 

1.74533 

1.0409 

1.0044 

69 

0 

1.75892 

1.0041 

10 

1.76425 

1.0170 

10 

1 1.74484 

1.0421 

1.0046 

60 

0 

1.76881 

1.0044 

20 

1.75412 

1.0173 

20 

1.74433 

1.0433 

1.0046 

61 

0 

1.76868 

1.0047 

SO 

1.75398 

1.0177 

30 

1.74380 

1.0447 

1.0048 

62 

0 

1.75853 

1.0051 

40 

1.76884 

1.0181 

40 

1.74325 

1.0461 

1.0040 

63 

0 

1.76837 

1.0055 

50 

1.76369 

1.0185 

50 

1.74266 

1.0475 

1.0050 

64 

0 

1.75820 

1.0059 

75 0 

1.75354 

1.0188 

81 0 

1.74204 

1.0491 

1.0052 

65 

0 

1.76801 

1.0064 

10 

1.75338 

1.0191 

10 

1.74139 

1.0508 

1.0063 

66 

0 

1.75780 

1.0070 

20 

1.76822 

1.0196 

20 

1.74071 

1.0525 

1.0055 

67 

0 

1.75765 

1.0077 

so 

1.75306 

1.0200 

30 

1.73990 

1.0542 

1 .0057 

68 

0 

1.75727 

1.0086 

40 

1.75289 

1.0205 

40 

1.73924 

1.0561 

1.0059 

69 

0 

1.75694 

1.0093 

50 

1.75271 

1.0211 

50 

1.73844 

1.0680 

1.0001 

70 

0 

1.76667 

1.0108 

76 0 

. 1.75253 

1.0216 

82 0 

1.73760 

1,0600 

1.0003 


10 

1.75650 

1.0105 

10 

1.75236 

1.0228 

10 

1.73671 

1.0622 

1.0065 


20 

1.76643 

1.0107 

20 

1.75216 

1.0229 

20 

1.73577 

1.0646 

1.0008 


30 

1.76636 

1.0109 

30 

1.75196 

1.0236 

30 

1.73478 

1.0669 

1.0070 


40 

1.76629 

1.0111 

40 

1.76175 

1.0241 

40 

1.73373 

1.0694 

1.0073 


50 

1.76622 

1.0113 

60 

1.76163 

1.0246 

60 

1.73200 

1.0720 

1.0076 

71 

0 

1.76614 

1.0116 

77 0 

1.75131 

1.0263 

83 0 

1.73143 

1.0747 

1.0078 


Supplement 


App't 

log 

X 


App’t 

log 

X 

A, 

4^ 

jwtan z 


z 

At tan. ^ 



2.61684 

1.0669 

1.0070 

o t 

86 30 

2.886S5 

1.1934 

1.0203 


2.64226 

1.0747 

1.0078 

87 0 

2.93113 

1.2277 

1.0241 


2.67076 

1.0839 

1.0087 

87 30 

2.98087 

1.2708 

1.0204 

84 0 

2.70088 

1.0949 

1.0098 

88 0 

3,03519 

1.3241 

1.0357 

84 so 

2.73294 

1.1080 

1.0112 

88 30 

3.09458 

1.3902 

1 .0437 

86 0 

2.76717 

1.1236 

1.0127 

89 0 

3.15994 

1.4729 

1.0.'41 

85 so 

2.80876 


1.0148 

89 30 

3.23206 

1.6762 

1.0680 

86 0 

2.84304 

1.1652 

1.0172 

90 0 

3.31186 

1.7046 

1.0859 















APPENDICES 


255 


Table I. Pulkowa Pef-iiaction Tables 


B. Factor depending on the Barometer 


English. 

inches 

log B 

25.0 

— 0.07330 

25.1 

— 0,07157 

25.2 

— 0.00984 

25.3 

— 0.06812 

20. 1; 

— 0.06641 

25.5 

— 0.06470 

25.6 

— 0.00300 

25.7 

— 0.06131 

25.8 

— 0.05902 

25.9 

— 0.05794 

26.0 

— 0.0r)627 

26.1 

— 0.05640 

26.2 

— 0.05294 

26.3 

— 0.05129 

26.4 

— 0.04964 

26.5 

— 0.04800 

20.6 

— 0.0463G 

26.7 

— 0.04473 

26.8 

— 0.04311 

26.9 

— 0.04149 

27.0 

— 0,03988 

27.1 

— 0.03827 

27.2 

— 0.03667 

27.3 

— 0.03508 

27.4 

— 0,03349 

27.5 

— 0.03191 

27.6 

— 0.03033 

27.7 

— 0.02876 

27.8 

— 0,02720 

27.9 

— 0.02564 

28.0 

— 0.02409 


Englisk 

inches 

log B 

28.0 

— 0.02409 

28.1 

- 0.02254 

28.2 

— 0.02099 

28.3 

— 0.01946 

28.4 

— 0.01793 

28.5 

— 0.01640 

28.6 

— 0.01488 

28.7 

— 0.01336 

28.8 

— 0.01186 

28.9 

— 0.01035 

29.0 

— 0.00885 

29.1 

— 0.00736 

29.2 

— 0.00686 

29.3 

— 0.00438 

29.4 

— 0.00290 

29.6 

— 0.00142 

29.6 

4- 0.00006 

29.7 

0.00151 

29.8 

0.00297 

29.9 

0,00443 

30.0 

0.00588 

30.1 

0.00732 

80.2 

0.00876 

30.3 

0.01020 

30.4 

0.01163 

80.6 

0.01306 

30.6 

0. 01448 

30.7 

0.01689 

30.8 

0.01731 

30.9 

0.01871 

31.0 

4- 0.02012 


French 

metres 

log B 

0.724 

- 0.01621 

0.726 

— 0.01500 

0.728 

— 0.01380 

0.730 

— 0.01261 

0.732 

— 0.01142 

0.734 

— 0.01024 

‘ 0.736 

— 0.00906 

0.738 

— 0.00788 

0.740 

— 0.00670 

0,742 

— 0.00553 

0.744 

— 0.00436 

0.746 

— 0.00319 

0.748 

— 0.00203 

0.760 

- 0.00087 

0.762 

4- 0.00028 

0.764 

4- 0.00144 

0.766 

4- 0.00259 

0.758 

4- 0.00374 

0.760 

4- 0.00488 

0.762 

4- 0.00602 

0.764 

4- 0.00716 

0.766 

4- 0.00830 

0.768 

4“ 0,00943 

0.770 

4- 0.01056 

0.772 

4- 0.01168 

0.774 

4- 0.01281 

0.776 

4- 0.01393 

0.778 

4- 0.01605 

0.780 

4~ 0.01616 

0.782 

+ 0.01727 

0.784 

4- 0.01837 


T. Factor depending on Attached Thermometer 


Pahr, 

log T 

Cent. 

log T 

— 20° 

+ 0.00201 

— 30° 

4- 0.00209 

— 10 

0.00162 

- 25 

0.00174 

0 

0.00123 

— 20 

0.00139 

4- 10 

0.00085 

15 

0.00104 

20 

0.00047 

- 10 

0.00069 

30 

4- 0.00008 

- 6 

4- 0.00036 

40 

- 0.00030 

0 

0.00000 

60 

— 0.00069 

4“ ^ 

— 0.00036 

60 

- 0.00108 

10 

- 0.00069 

70 

- 0.00146 

16 

— 0.00104 

80 

— 0.00184 

20 

— 0.00138 

90 

— 0.00222 

26 

— 0.00178 

+ 100 

— 0.00262 

4" 30 

— 0.00207 









256 


PRAOTICAI. ASTROKOMY 


Table I. Pulkowa Kefraction Tables 


y. Factor depending on External Thermometer 


Fahr. 

log y 

■ ooo 

+ 0.06560 

— 21 

0.06461 i 

— 20 

0.06361 

— 19 

0.06262 

— 18 

0.06162 

— 17 

0.06063 

— 16 

0.05964 

— 15 

0.05866 

— 14 

0.05767 


0.05669 

— 12 

0.05571 

— 11 

0.05473 

— 10 

0.05376 

— 9 

0.05279 

8 

0.05182 

7 

0.05085 

6 

0.04988 

— 6 

0.04891 

— 4 

0.04795 

3 

0.04699 

— 2 

0.04603 

- 1 

0.04508 

0 

0.04413 

4 

0.04318 

2 

0.04223 

3 

0.04128 

4 

0.04033 

5 

0.03938 

6 

0.03844 

7 

0.03750 

8 

0.03657 

9 

0.03563 

10 

0.03470 

11 

0.03377 

12 

0.03284 

13 

0.03191 

14 

0.03099 

15 

0.03007 

16 

0.02915 

17 

0.02822 

18 

0.02730 

19 

0.02639 

20 

0.02548 

21 

0.02456 

22 

0.02364 

23 

0.02273 

24 

0.02183 

25 

0.02094 

26 

0.02004 

27 

0.01914 

28 

0.01824 

29 

0.01734 

30 

0.01645 

31 

0.01555 

32 

0.01466 

33 

0.01377 

34 

0.01288 

_j_ 35 

0.01200 


Falir. 

log y 

4-350 

+ 0.01200 

36 

0.01112 

37 

0.01023 

38 

0.00935 

39 

0.00848 

40 

0.00760 

41 

- 0.00672 

42 

0.00585 

43 

0.00498 

44 

0.00411 

45 

0.00324 

46 

0-00238 

47 

0.00151 

48 

H- 0.00064 

49 

— 0.00022 

50 

— 0.00107 

51 

— 0.00193 

52 

— 0.00279 

53 

— 0.00364 

54 

— 0.00449 

55 

— 0.00535 

56 

— ().00()20 

57 

— 0.00704 

58 

— 0.00789 

59 

— 0.00873 

60 

— 0,00957 

61 

— 0.01011 

62 

— 0.01125 

63 

— 0.01209 

64 

— 0.01293 

65 

— 0.01376 

66 

— 0.01459 

67 

— 0.01543 

68 

— 0.01626 

69 

— 0.01709 

70 

— 0.01792 

71 

— 0.01874 

72 

— 0.01956 

73 

— 0.01838 

74 

— 0.01920 

75 

— 0.02202 

76 

— 0.02284 


— 0.02366 

78 

— 0.02447 

79 

— 0.02528 

80 

— 0.02609 

81 

— 0.02690 

82 

— 0.02771 

83 

— 0.02851 

84 

— 0.02932 

85 

— 0.03012 

86 

— 0.03093 

87 

— 0.03173 

88 

— 0.03253 

89 

— 0.03333 

90 

— 0.03413 

91 

— 0.03492 

92 

— 0.03572 


Cent. 

log y 

_30o 

+ 0-06560 

— 29 

0.06381 

— 28 

0.06202 


0.0(i023 

— 26 

0.05846 

— 25 

0.05669 

— 24 

0.05493 

— 23 

0.05317 

__22 

0.05142 

— 21 

0.04968 

— 20 

0.04795 

— 19 

0.04622 

— 18 

0.04451 

_ 17 

0.04279 

— 16 

0.04108 

— 15 

0.03938 

— 14 

0.03769 

— 13 

0.03601 

— 12 

0.03433 

— 11 

0.03265 

— 10 

0.03099 

— 9 

0.02933 

— 8 

0.02767 

— 7 

0.02602 

— 6 , 

0.02438 

— 5 

0.02274 

— . 4 

0.02112 

— 3 

0.01950 

— 2 

^ 0.0.1788 

— 1 

0.01627 

0 

0.014(if) 

”4“ 1 

0.01306 

2 

0.01147 

3 

0.00988 

4 

0.00830 

5 

0.00(J72 

6 

0.00515 

7 

0.00359 

8 

0.00203 

9 

+ 0,00047 

10 

— 0.00107 

11 

— 0.00261 

12 

— 0.00415 

13 

— 0.00569 

14 

— 0.00721 

15 

— 0.00873 

16 

— 0.01025 

17 

— 0.01176 

IS 

— 0.01326 

19 

— 0.01476 

20 

— 0.01626 

21 

— 0.01775 

22 

— 0.01923 

23 

— 0.02071 

24 

— 0-0221<) 

25 

— 0.02366 

30 

— 0.03093 

+ 35 

— 0.03810 







APPENDICES 


267 


Tabi.e L Pubkowa Befractio]^ Tables 

log <T % 


App't 

log cr 

App’t 

log cr 

\ 

Date 


i 

0 

f 


0 

f 


Jan. 

16 

4” 0.34 

80 

0 

0.00019 

86 

0 

0.00146 

Pel). 

15 

4 - 0.27 

80 

30 

0.00022 

85 

30 

0.00185 

Mar. 

16 

4 0.05 

81 

0 

0.00026 

86 

0 

0.00241 

April 

15 

- 0.08 

81 

SO 

0.00029 

86 

30 

0.00320 

May 

15 

— 0.20 

82 

0 

0.00086 

87 

0 

0.00421 

June 

16 

— 0.26 

82 

30 

0.00045 

87 

30 

0.00661 

July 

15 

- 0.33 

83 

0 

0.00057 

88 

0 

0.00749 

Ang. 

16 

- 0.30 

83 

30 

0.00073 

88 

30 

0.01006 

Sept. 

15 

— 0.19 

84 

0 

0.00091 

89 

0 

0.01352 

Oct. 

16 

4 0.16 

84 

30 

0.00116 

89 

30 

0.01813 

Noy. 

15 

4 0.33 

86 

0 

0.00146 

90 

0 

0.02424 

Dec. 

16 

4 0.37 


log r = log fx 4- log tan A (log B H- log T) + X log 7 -f ^ log or 


Table II. Ptjlkowa Mean Befractions 
Barom, 29,5 incJies^ Att. Therm. 50^ JP., Bxt. Therm. 50^ B. 


App't 

z 

Mean 

refx’n 

App’t 

z 

Mean 

refr’n 

App’t 

z 

Mean 

xefr^n 

HP 

Mean 

refr'n 

0 

/ 

f 

u 

0 

t 

i 

tf 

0 

/ 

! 

// 

0 

/ 

/ 

tf 

0 

0 

Q 

0.0 

68 

0 

1 

31.2 

73 

0 

3 

4.7 

80 

40 

5 

34 

5 

0 

0 

5.0 

69 

0 

1 

34.8 

78 

20 

3 

8.5 

81 

0 

5 

46 

10 

0 

0 

10.1 

60 

0 

1 

38.7 

78 

40 

3 

12.5 

81 

20 

5 

58 

15 

0 

0 

15.3 

61 

0 

1 

42.8 

74 

0 

3 

16.6 

81 

40 

6 

12 

20 

0 

0 

20.8 

62 

0 

1 

47.1 

74 

20 

3 

20.9 

82 

0 

6 

26 

25 

0 

0 

26.7 

63 

0 

1 

51.7 

74 

40 

3 

25. 4 

82 

20 

6 

41 

30 

0 

0 

33.0 

64 

0 

1 

56.6 

75 

0 

3 

30.0 

82 

40 

6 

58 

32 

0 

0 

86.7 

65 

0 

2 

1.9 

76 

20 

3 

34.8 

83 

0 

7 

15 

34 

0 

0 

38.5 

65 

30 

2 

4.7 

75 

40 

3 

39.9 

83 

20 

7 

35 

36 

0 

0 

41.5 

66 

0 

2 

7.6 

76 

0 

3 

45.2 

83 

40 

7 

56 

38 

0 

0 

44.6 

66 

30 

2 

10.6 

76 

20 

3 

60.7 

84 

0 

8 

19 

40 

0 

0 

47.9 

67 

0 

2 

13.8 

76 

40 

3 

56.5 

84 

20 

8 

43 

42 

0 

0 

51.4 

67 

30 

2 

17.1 

rj 

0 

4 

2.5 

84 

40 

9 

10 

44 

0 

0 

55.1 

68 

0 

2 

20.5 

77 

20 

4 

8.8 

85 

0 

9 

40 

40 

0 

0 

69.1 

68 

30 

2 

24.1 

77 

40 

4 

15.6 

85 

30 

10 

32 

48 

0 

1 

3.4 

69 

0 

2 

27.8 

78 

0 

4 

22.5 

86 

0 

11 

31 

60 

0 

1 

8.0 

69 

30 

2 

31.7 

78 

20 

4 

29.8 

86 

30 

12 

42 

62 

0 

1 

13.0 

70 

0 

2 

36.7 

78 

40 

4 

37.6 

87 

0 

14 

7 

53 

0 

1 

16.7 

70 

30 

2 

39.9 

79 

0 

4 

45.7 

87 

30 

15 

49 

54 

0 

1 

18.5 

71 

0 

2 

^4, /I 

# .DC 

79 

20 

4 

54.4 

88 

0 

17 

65 

55 

0 

1 

21.4 

71 

so 

2 

49.1 

79 

40 

5 

3.5 

88 

30 

20 

33 

56 

0 

1 

24.6 

72 

0 

2 

54.0 

80 

0 

5 

13.1 

89 

0 

23 

63 

57 

0 

1 

27.8 

72 

30 

2 

69.2 

80 

20 

5 

23.4 

89 

30 

28 

11 

58 

0 

1 

31.2 

73 

0 

3 

4.7 

80 

40 

5 

34.3 

90 

0 

33 

51 


s 
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Tabile III. 


m 


2 sin 2 .1 ^ 

sin ’ 


or m — 


2 sin2 1 _ t) 

sin i^' 


t 

h 

, or 

m 

t, 

^0 

or 

— 

1 

m 

ty 

to 

or 
— t 

m 

8 

n 

m 

.9 

n 


s 

0 

0 

0.00 

4 

0 

31.42 

8 

0 

0 

5 

0.01 

4 

6 

32.74 

8 

5 

0 

10 

0.05 

4 

10 

34.09 

8 

10 

0 

15 

0.12 

4 

15 

35.46 

8 

15 

0 

20 

0.22 

4 

20 

36.87 

8 

20 

0 

25 

0.34 

4 

25 

38.30 

8 

25 

0 

so 

0.49 

4 

30 

39.76 

8 

30 

0 

85 

0.67 

4 

35 

41.25 

8 

35 

0 

40 

0.87 

4 

40 

42.76 

8 

40 

0 

45 
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Aberration : general, of a star in the 
direction of the observer’s motion, 
40; annual, defined, 41: annual, 
affecting a star’s apparent place, 
45, 61; annual, in right ascension 
and declination, 62, 64; diurnal, 
defined, 41; diurnal, in hour angle 
and declination, 41 ; diurnal, in 
azimuth, 43, 193, 200; diurnal, in 
azimuth and altitude, 43. 

Altitude: defined, 3; measured at sea 
with a sextant, 36, 92 ; measured on 
land with a sextant, 93. 

Angle : measured by vernier, 65 ; meas- 
ured by reading microscope, 67, 179. 

Apparent place : defined, 25, 45 ; reduc- 
tion to, 61. 

Axis of tlxe celestial sphere, defined, 3. 

Azimuth: defined, 3; constant of a 
transit instrument, 127,— determina- 
tion of, 142 ; of a point, from obser- 
vations of a star near elongation, 
193; of a point, from observations 
of Polaris at atxy hour angle, 199; 
sometimes measured from north 
point, 199; of the polar axis of an 
equatorial telescope, 217, 

Azimuth and altitude : as coordinates, 
7 ; of a star, from given hour angle 
and declination, 10. 

Barometer: factor in refraction for- 
mulae, 34, 35, 255. 

Berliner Astronomisehes Jahrbuch, 2. 

Bessel: his star numbers, 62; his star 
constants, 62. 

Celestial sphere : defined, 2. 

Chronograph: described, 86; illustra- 
tion of, 87; used for comparing 
clocks and chronometers, 85. 


Chronographic method of recording 
transit observations, 88. 

Chronometer : correction, 83 ; rate, 83 ; 
care of, 85; transported for deter- 
mining geographical longitude, 159 ; 
determination of correction from 
sextant observations, 101, — from 
transit observations, 127, 146, — 
from surveyor’s transit observa- 
tions, 203. 

Circle: vertical, defined, 3; hour, de- 
fined, 3 ; latitude, defined, 5 ; pri- 
mary, 7; secondary 7; graduated 
vertical, 175, 203; graduated hori- 
zontal, 191, 

Circummeridan altitudes : of the sun, 
for determining geographical lati- 
tude, 112. 

Clock : astronomical, 86 ; driving, 212. 

Collimation : axis, 122 ; plane, 122 ; 
constant of a transit instrument, 
127, — determination of, 137, 151. 

Collimator: described, 138; determi- 
nation of collimation constant by 
one, 138, — by two collimators, 141; 
determination of flexure by two col- 
limators, 181. 

Colure : defined, 4. 

Connaissance des temps, 2. 

Coordinates: spherical, 6; systems of, 

7 ; transformation of, 8. 

Day : sidereal, 15 ; true solar, 16 ; mean 
solar, 16; civil, 17 ; astronomical, 17, 

Declination: defined, 4; fundamental 
determination of, 187 ; differential 
determination of, 187 ; axis of equa- 
torial telescope, 212; circle of equa- 
torial telescope, 212. 

Dip of the horizon, 36. 

Distance between two stars, 14. 
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Earth : iorm and dimensions of, 23 ; 
radius of, 25; reduction of observa- 
tions to the center of, 23. 

Eccentricity of a graduated circle, 69; 

of a sextant, determined, 97. 

Ecliptic; defined, 4; obliq^tiity of, 4; 
true, 45; mean, 45. 

Elongation ; of a star, 77, 193 ; reduc- 
tion to, 194, 258. 

Ephemeris: defined, 2; American, 2. 
Equation of time : defined, 17. 

Equator: celestial, defined, 3 ; reading 
of a circle, 1S7. 

Equatorial telescope: described, 212; 
illustration of, 213 ; adjustments of, 
214. 

Equinoxes : defined, 4 ; precession of, 
44. 

Error of runs : defined, 68 ; determina- 
tion of value of, 68, 190. 

Eye and ear method of observing, 85. 

Filar micrometer : described, 70 ; illus- 
tration of, 71 ; methods of using, 223, 
229, 233. 

Finder; of an equatorial telescope, 
212 ; adjustment of, 215. 

Geocentric place: defined, 25. 
Graduated circle : read by vernier, 65 ; 
read by microscope, 67 ; eccentricity 
of, 69; graduation errors of, 183; 
flexure of, 184, 186. 

Hints on computing, 241. 

Horizon ; defined, 2 ; dip of, 36 ; glass, 
89; artificial, 93. 

Hour angle : defined, 4; of a star, from 
given zenith distance and declina- 
tion, 12 ; of a star, from given right 
ascension and sidereal time, 12. 

Hour angle and declination : as coor- 
dinates, 7 ; of a star, from given 
azimuth and altitude, 8. 

Hour circle : defined, 3; of an equa- 
torial telescope, 212. 

Index correction : of a sextant, defined, 
96, — ^determined from observations 
of a star, 96, — from observations of 
the sun, 96. 

Interpolation: elementary considera- 
tions on, 19 ; general formula for, 
244; for a date midway between 
two tabular dates, 246. 


Latitude: circles of, defined, 5; of a 
star, 5 ; geographical, 5 ; geocen- 
tric, 23; reduction to geocentric, 
23; geographical, determined from 
meridian altitude of a star or the 
sun, 109, 209, — fx'om an altitude of 
a star, 110, — from circunimeridian 
altitudes, 112, — by Talcott’s meth- 
od, 167, — from meridian circle 
observations, 187, 188, 190; varia- 
tion of, 174. 

Least reading of a vernier, 66. 

Least squares : application to deter- 
mination of proi^er motion, 58, — 
to reduction of transit observations, 
152, — to combination of latitvide 
observations, 173 ; formiilio result- 
ing from, 247. 

Level: spirit, described, 79; general 
formulae for, 80; adjustments of, 
83; value of a division of, 81; strid- 
ing, 123 ; zenith, 167 ; plate, 196, 
211 ; constant of transit instrument, 
127, — determination of, 134, 140; 
trier, 81, — illustration of, 81. 

Longitude : of a star, defined, 5 ; geo- 
graphical, defined, 5; geogTaphical, 
determined by the method of lunar 

! distances, 115, — by transportation 
of chronometers, 159, — by the elec- 
tric telegraph, 160, — by the helio- 
trope, 163, — by moon culminations, 
164. 

Longitude and latitude : as coordi- 
nates, 7 ; of a star, from given right 
ascension and declination, 13. 

Lunar distances : method of determin- 
ing geographical longitude from, 
115. 

Meridian: defined, 3; direction of, 
determined from observations of a 
star, 196, 200. 

Meridian circle; described, 175; illus- 
tration of, 176 ; flexure of, 181 ; deter- 
mination of gi'aduation errors of, 
183; fundamental and difierential 
determinations of declination, 187 ; 
determinations of latitude, 187, 188, 
190. 

Meridian mark, or mire, 143. 

Micrometer : described, 70 ; filar, 70, — 
illustration of, 71 ; value of a revolu- 
tion of, 72, — effect of temperature 
on the, 77 ; of a transit instrument, 



123 ; of a zenith telescope, 125, 167 ; 
of a meridian circle, 179, 180 ; rim;*, 
236. 

Microscope : description of reading, 
67, 177; methods of using, 67, 68, 
179, 190; error of runs of, 68, 179, 
190. 

Mire, 143. 

17adir: defined, 2 ; determination of 
the level and collimation constants 
of a transit instrument by the 
method of the, 139, 140; reading of 
a meridian circle, 180. 

ISTautical Almanac, American Ephem- 
eris and, 2. 

USTautical xllmanae (British), 2. 

Noon: sidereal, 15; true solar,. 16 ; 
mean solar, 16. 

N utation : defined, 44 ; affecting the 
true x>lace of a star, 45 ; terms in re- 
duction formulaj, 62, 64. 

Objects for the telescope, 251. 

Obliquity of the ecliihic: defined, 4; 
affected by attractions of the plan- 
ets, 47. 

Parallactic angle: defined, 11; of a 
star, fi*om given azimuth and 
zenith distance, 11 ; of a star, from 
given hour angle and declination, 
11 . 

Parallax: defined, 25 ; equatorial hoid- 
zontal, 26 ; of a body in zenith dis- 
tance, the earth being regarded as a 
sphere, 26 ; of a body in azimuth 
and zenith distance, the earth being 
regarded as a spheroid, 27 ; of a body 
ill right ascension and decimation, 
31 ; factors, 32. 

Personal equation : absolute, 157 ; rela- 
tive, 157 ; machine, 159. 

Plumb line : local deviations of, 23. 

Polar axes : of an equatorial telescope, 
212 ; adjustments of, 215, 217. 

Polar distance : defined, 4. 

Poles of the equator, 3. 

Precession : luni-solar, 47 ; planetary, 
47 ; general, 47 ; in right ascension 
and declination during any interval 
of time, 48 ; annual value of, in right 
ascension and declination, 50; secu- 
lar variation of annual, 57. 

Prime vertical : defined, 3. 


Prismatic sextant, 91. 

Prismatic transit instrument, 125, 

Proper motion ; of the stars, 45, 54 ; 
determination of annual, 54 ; reduced 
from one ei)Ocli to another, 55 ; de- 
termination of, by the method of 
least squares, 58. 

Keduction to elongation : in the deter- 
mination of azimuth, 194 ; tables for, 
258. 

Reduction to the meridian : of circum- 
meridian altitudes of a star or the 
sun, for latitude, 112, 258 ; for zenith 
telescope observations for latitude, 
171; for meridian circle determina- 
tions of declination, 187. 

Refraction : general laws of, 32 ; ab- 
normal, in azimuth, 33; Pulkowa 
formula for, in zenith distance, 34; 
Pulkowa tables for comi^uting, 254 ; 
Pulkowa mean, 257 ; Comstock’s 
formula for, 35 ; differential formu- 
la for, in right ascension and decli- 
nation, 36 ; differential, affecting 
zenith telescope observations for 
latitude, 169, 170; correction for, in 
meridian circle observations, 187 ; 
differential, affeeting filar microm- 
eter observations, 224, 229, 234. 

Right ascension : defined, 5 ; of a star, 
from given hour angle and sidere«al 
time, 12 ; of a star, from tx'ansit ob- 
servations, 177 ; of the moon, from 
transit observations, 165. 

Right ascension and declination : as 
coordinates, 7. 

Ring micrometer : described, 236 ; de- 
termination of radius of, 236 ; method 
of observing with, 239. 

Semidiameter : correction for, 38, 92, 
93; ajxparent, of the moon, 38; con- 
traction of, produced by x’efraction, 
39. 

Sequence and degree of corrections, 
43. 

Sextant : described, 89 ; illusti*ation of, 
90; general principles of, 90; pxds- 
matic, 91; methods of observing with, 
92; adjustments of, 94; correction 
for index error of, 96 ; correction for 
eccentricity of, 97; detei'minations 
of time, 101 ; determinations of lati- 
tude, 109 ; observations of lunar dis- 
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tances for determining geographical 
longitude, 115. 

Sidereal time : defined, 5 ; of a star, 
from given hour angle and right as- 
cension, 12. 

Solstices: defined, 4. 

Spherometer : Harkness’s, for investi- 
gating form of pivots, 137. 

Stars: catalogues of, 46, 58, 59, 223; 
undetermined, 177; standard, 178; 
atlas of, 251. 

Sun: mean, 16; right ascension of 
mean, 17; shades, to protect ob- 
server’s eyes, 90, 207. 

Surveyor’s transit: determination of 
time by, 203, -- of latitude by, 209, 
— of azimuth by, 211. 

Talcott’s method of determining lati- 
tude, 167. 

Telescope: sextant, 89; zenith, 167; 
equatorial, 212 ; magnifying power 
of, 220; field of view of, 221. 

Thermometer: attached, refraction 
factor for, 34, 255 ; external, refrac- 
tion factor for, 34, 35, 256. 

Time: sidereal, 15; true solar or ap- 
parent, 16 ; mean solar, 16; civil, 17 ; 


astronomical, 17; equation of, 17; 
conversion of, 18 ; determined from 
sextant observations, 101, — from 
star transits, 14(), — from surveyor’s 
transit observations, 203. 

Transit instrument: described, 122; 
illustrations of, 124, 126; general 
formula for, 129; wire intervals of, 
130, 132; reduction to middle wire 
of, 131; determination of level con- 
stant of, 134, 140, — of inequality of 
pivots of, 134, — of collimation con- 
stant of, 137, 151, — of azimuth con- 
stant of, 142; flexure of prismatic 
form of, 157. 

Vernier: described, 65; illustration 
of, 66. 

Year : tropical, 17 ; the fictitious, 46. 

Zenith : defined, 2 ; level, 167 ; read- 
ing of a circle, 180. 

Zenith distance: defined, 3; of a star, 
at greatest elongation, 78, 193. 

Zenith telescope : Talcott’s method of 
determining latitude by, 167. 
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Students, engineers, and others who are called upon to make computations, 
come, sooner or later, to recognize the fact that such work is a great tax upon 
time and brain. Every means for economy of effort is here of real importance, 
as it not only effects saving of time, labor, and expense, but promotes accuracy. 
The rules and tables contained in this collection are prepared and arranged 
from this standpoint. The tables comprise four-place logarithms, anti-logs, 
squares, reciprocals, slide-wire ratios, and trigonometric functions both natural 
and logarithmic; Eve-place logarithms of numbers and of the trigonometric 
functions; and values of important constants. Thus by far the greater part of 
physical and chemical computations, and nearly all pertaining to engineering 
and technical work, lie within the scope of these tables, which would rarely 
need to be supplemented by any other than a good seven-place set. Clear- 
ness of type, and special features in arrangement and in the use of heavy-faced 
figures for arresting the glance, promote rapidity in the use of the tables. The 
few errors brought to notice in the use of over a thousand copies have been 
corrected, so that the apprehension on this score in the use of new tables is 
removed. The text provides, of course, directions for working the tables; but 
a much more important and unique feature is a set of concise rules for the use 
of the proper number of places of significant figures in computations of any 
kind. These rules are simple and few, and may be easily mastered. They are 
illustrated by numerical examples. By employing them, sufficient accuracy in 
the result may be assured, and the great waste of time and labor from the use 
of excessive figures may be avoided. Many years’ trial of these rules in the 
laboratory classes of the author and others has proved their sufficiency and 
practicability. The moderate size and weight of the volume are not unimpor- 
tant considerations to the user of such books. 
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This brief popular history gives in broad outline the develop- 
ment of the science of physics from antiquity to the present time. 
It contains also a more complete statement than is found else- 
where, of the evolution of physical laboratories in Europe and 
America. The book, while of interest to the general reader, is 
primarily intended for students and teachers of physics. The 
conviction is growing that, by a judicious introduction of histori- 
cal matter, a science can be made more attractive. Moreover, 
the general view of the development of the human intellect 
which the history of a science affords is in itself stimulating and 
liberalizing. 

In the announcement of Osfwald'^s IClassiker der JBxakten 
Wissenschaften we read as follows : While by the i^resent 

methods of teaching, a knowledge of science in its iDresent state 
of advancement is imparted very successfully, eminent and far- 
sighted men have repeatedly been obliged to point out a defect 
which too often attaches to the present scientific education of 
our youth. It is the absence of the historical sense and the mant 
of knowledge of the great researches upon which the edifice of 
science resist'' 

It is hoped that the present volume may assist in remedying 
the defect so clearly pointed out by Professor Ostwald. 
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